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Low frequency inter-area oscillations in power systems is one of the main concerns for 
system operation and control. Since it imposes a limit in power transfer capability, 
therefore, adequate damping of inter-area oscillations is necessary to ensure, secure 
system operations and system reliability. Conventionally, power system stabilizers (PSSs) 
are used to enhance the system stability that is efficient for local modes. However, to 
enhance system damping of local as well as inter-area modes, remote signals needed to be 
measured and feedback to the power system stabilizers. In this context phasor 
measurement units are used as an important source of real-time data. For this purpose 
modern dual-input IEE2ST type PSSs are optimally placed in conjunction with Phasor 
Measurement Unit (PMU), for wide area damping control. In this thesis, enhancing the 
system damping of the inter-area modes using wide area measurements is addressed. 
Supervisory damping controller with braking resistor as a backup protection is also 
considered. The PMU-based wide-area power system stabilizer is designed, tested and 
validated on real-time digital simulator (RTDS).  
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SMIB Single-machine infinite bus 
AVR Automatic Voltage Regulator 
DE Differential Evolution 
FACTS Flexible AC transmission system 
GPS Global positioning system 
LFIOs Low-frequency  inter-area  oscillations   
pu Per unit 
PSS Power system stabilizer 
PMU Phasor measurement units 
PDC Phasor data concentrator 
RTDS Real time digital Simulator 
SVC Static Var Compensator 
SCADA Supervisory control and data acquisition  
     WAMAC Wide area monitoring and control 
WAMS Wide area measurement system 
WACS Wide area control system 
WADC Wide area damping control 
 
 
Symbols 
 
Pm, P, Pe Mechanical input power and electrical output power of the  generator 
D Machine damping coefficient  
M, H Machine inertia coefficient and inertia constant 
vd, vq d- and q-axis terminal voltage 
id, iq d- and q-axis armature current 
xd, 'dx
 d-axis reactance and d-axis transient reactances 
'
doT
 Open-circuit field time constant 
xq Generator q-axis reactance 
Eq', Efd Generator internal and field voltages 
V or v Generator terminal voltage 
Vref Reference voltage 
UPSS PSS control signal  
KA, TA Gain and time constant of the excitation system 
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Z, X, R Transmission line impedance, reactance, and resistance 
G, B Load Inductance and susceptance 
δ Rotor angle 
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CHAPTER 1                                                           
INTRODUCTION 
1.1 Overview 
Vast  changes  appeared  during  the  last  decades  in  the  electricity  markets  led  to  
an  increased  utilization  and  a  higher loading  of  the  electric  transmission  grids  
worldwide.  These changes are mainly due to deregulation of the electrical energy 
markets and the extensions of large interconnected power systems. With the increase in 
high power flow transmission systems are nowadays operated on the edge of their 
technical limits and thus became more vulnerable to instabilities and more cascading 
failures occur than before [1–4].  
 
The expansion of the transmission grids, on the other hand, is limited due to 
environmental and cost restrictions. The result is that the available transmission and 
generation facilities are highly utilized with large amounts of power interchanges taking 
place through tie-lines and geographical regions [5]. The tie lines operate near their 
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maximum capacity, especially those connected to the heavy load areas. As a result, the 
system operator can find itself close to or outside the secure operating limits under severe 
contingencies. Stressed operating conditions can increase the possibility of inter-area 
oscillations between different control areas and even collapse of the whole system. 
 
Reliability and good performance are necessary in power system operation to ensure a 
safe and continuous energy supply [6,7]. However, weakly damped low frequency 
electromechanical oscillations (also called inter-area oscillations ranges 0.2 - 1 Hz) 
inherent to large interconnected power systems during transient conditions, are not only 
dangerous for the reliability and performance of such systems but also for the quality of 
the supplied energy [8]. The power flows over certain network branches resulting from 
generator oscillations can take peak values that are dangerous from the point of view of 
secure system operation and lead to limitations in network control.  
 
1.2 Motivation 
With the heavier power transfers ahead, the damping of inter-area oscillations is very 
difficult unless new lines are built or other heavy and expensive high-voltage equipment 
such as series-compensation is added to the grid’s substations [9]. The construction of 
new lines, however, is restricted by environmental and cost factors. Therefore, 
achievement of maximum available transfer capability has become a major concern. This 
concern requires the need for a better system control, leading to damping improvement 
[10].  
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The  increased  number  of  annual  power  outages  worldwide  shows that the need of  
better  monitoring concepts and tools fitted to the actual and future situation of power 
systems became urgent [11]. Such systems will support the system operators by the online 
assessment of the system current situations and control the power system by providing 
extra stability with fore sighting of overall system. In this context, the use of 
synchronized phasor measurements is becoming an important tendency for the 
surveillance of the power systems[12,13]. They are provided by phasor measurements 
units (PMUs), considered to be one of the most important measuring devices in the future 
of power systems. That’s why PMUs are turned to useful sources of real‐time data.  They  
provide  the  required  information  needed  by  the  grid operator on the actual system  
state and are combined  with relevant data  of  the  given  system  with  the  aim  to  early  
detect  the  instability.  The monitoring method proposed, describes an efficient 
alternative for the online surveillance of the power system stability using PMUs data. 
 
One  of  the  most  common  applications  of  phasor  measurement  units  (PMUs)  is  
power  system  monitoring,  especially  for monitoring wide-area disturbances and low 
frequency electromechanical oscillations [14,15]. PMUs are a solution to increase 
observability in traditional monitoring systems and provide additional insight of power 
system dynamics. In recent years, the introduction of synchrophasor measurement 
technology has significantly improved observability of power system dynamics and is 
expected to play a more important role in the enhancement of power system 
controllability. With  the   development  of   wide-area   measurement technology, real-
time-feedback-control based on PMU becomes increasingly feasible than ever [16], which 
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is a promising solution for dynamics performance improvement, such as inter-area 
oscillations damping, in a large scale interconnected power system. Due to a lack of 
global observability, traditional damping controllers like power system stabilizers (PSSs), 
cannot always deal with inter-area oscillations effectively. Continuous wide-area controls 
offer observability and controllability benefits where conventional local continuous 
controls cannot. 
 
The PSS provides supplementary control action through the excitation system of 
generators and thus aids in damping the oscillations of synchronous machine rotors via 
modulation of the generator excitation. To provide damping, the stabilizer must produce a 
component of electrical torque in phase with the rotor speed deviations [17]. The PSS 
usually rely on local information (such as generator rotor speed or electric power) and are 
effective in damping local modes [18]. The performance requirements of PSS for closed- 
loop applications are discussed in [19].Carefully tuned PSSs may also be able to damp 
some inter-area oscillations; those which can be observed in the monitored input signals. 
By appropriately tuning available PSSs, together with wide-area measurements obtained 
from PMUs, it is expected that inter-area damping can be effectively improved. The basic 
function of a PSS is to add damping to the generator rotor oscillations by controlling its 
excitation using auxiliary stabilizing signal(s).  
 
With more experience accumulated from interconnected  electric power system  
operation, power system engineers are now convinced that the low-frequency    
oscillations  are  due   to  the  lack   of  damping of  the mechanical mode  of the  
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interconnected  system,  and  the  desired additional damping can be provided by 
supplementary excitation  control. It is expected that real-time monitoring and control 
using synchrophasor measurements could help enhancing system stability and security, 
particularly by enhancing inter-area damping control [20]. 
 
1.3 Thesis Objectives 
In summary, the objectives of the proposed work are: 
• Developing a wide area monitoring and control system that aims to mitigate the 
inter-area oscillations. 
• Designing of PSS integrated to PMUs’ to damp out the oscillations more 
efficiently.  
• Development of a backup damping controller on a standard test systems. 
• Building a test system integrated with a number of PMU’s on the modern 
powerful tool, Real time Digital Simulator, RTDS. 
 
1.4 Thesis Contribution 
Low frequency inter-area oscillations in power systems is one of the main concerns for 
system operation and control. Therefore, adequate damping of inter-area oscillations is 
necessary for secure system operation and ensure system reliability. However, to enhance 
the damping of inter-area modes remote signal is needed to be measured and feedback to 
the power system stabilizers. It is found that if remote signals from one or more distant 
locations of the power system are applied to the controller design, the system dynamic 
performance can be enhanced for the inter-area oscillations [21]. The remote signals are 
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often referred to as global signals to illustrate the fact that they contain information about 
overall network dynamics as opposed to local control signals which lack adequate 
observability of some of the significant inter-area modes. In this thesis enhancing the 
damping of the inter-area modes using wide area measurements has been addressed. 
Where dynamic performance is enhanced by wide area measurements through phasor 
measurement units (PMU’s). Dual input PSSs integrated with PMUs to damp inter-area 
oscillations are tested and validated on real-time digital simulator (RTDS).  The proposed 
work involves the following steps. 
i) Development of Dual Input PSS controller integrated with PMU’s: Power system 
stabilizers are essential for the providing the stability under fault conditions and also for 
damping of low frequency oscillations [22,23]. However these PSSs control the local 
generator, to a limited extent. For local modes, the largest observability is associated with 
a local signal, e.g., generator rotor speed signal for PSS. But for inter-area modes, the 
local signals may not be the ones with maximum observability [20]. In order to damp 
local as well as inter-area modes, local signal integrated with remote signal is needed to 
be measured in synchronism with GPS clock to enhance the damping of PSSs for low 
frequency inter-area oscillations.  This is the first time that dual input IEE2ST type PSS  
is integrated with PMU for damping these oscillations. 
 
ii) Development of Backup Damping Controller: Under fault conditions it is 
noticeable that PSS provides damping to some extent. But what will happen if the system 
becomes unstable due to a severe fault, then there should be some backup loop.   Here the 
backup is based on frequency sensitivity of the system provided by PMUs, which triggers 
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the braking resistor to maintain system stability. It keeps the system within the operating 
limits avoiding system collapse. Based on frequency sensitivity, this control will be 
activated before tripping of generators, by maintaining secure and reliable continuous 
power flow over the network. 
1.5 Thesis Organization 
The subsequent chapters of this thesis are organized as follows: 
      Chapter 2 gives a brief introduction of inter-area oscillations damping control based 
on recent practical applications. Chapter 3 presents the modeling and analysis of large 
power system dynamics. The proposed approach to solve the problem is formulated in 
chapter 4, which gives a description of the optimal location of PSSs integrated with 
PMUs, its optimization and supervisory backup control as a second level protection. 
Experimental setup is presented in Chapter 5. Chapter 6 presents the promising results of 
the proposed approach developed in chapter 4. The thesis is finalized in chapter 7 by 
drawing some conclusions and outlining the work to be carried out in the future. 
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CHAPTER 2                                                                                  
LITRATURE REVIEW 
Power system oscillation damping remains as one of the major concerns for secure and 
reliable operation of large power systems, and is of great current interest to both industry 
and academia [24]. The principal reason for this is that the inception of poorly-damped 
low-frequency  inter-area  oscillations  (LFIOs)  when  power  systems  are  operating  
under  stringent  conditions  may  lead  to  system-wide breakups or considerably reduce 
the power transfers over critical corridors. With the availability of high-sampling rate 
phasor measurement units (PMUs), there is an increasing interest for effectively utilizing 
conventional damping control devices, such as power system stabilizers (PSSs), by using 
these measurements as control input signals. In this chapter, we provide a comprehensive 
overview of distinct elements (or “building blocks”) necessary for wide-area power 
system damping using phasor measurement units and PSSs. This chapter presents the 
latest developments in the implementation of synchrophasor measurements in WAMS 
and WACS as well as their prospective for WADC applications.  
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2.1 Phasor Measurement Units 
It is considered to be one of the most important measurement technologies in the future 
of power systems due to its unique ability to sample analog voltage and current waveform 
data in synchronism with a GPS-clock [25] and compute the corresponding 60 Hz phasor 
component (i.e. complex numbers representing the magnitude and phase angle of a 60 Hz 
sinusoidal waveform) from widely dispersed locations. Fig. 2.1 represents the 
synchronized sampling process of the different waveforms and provide a common 
reference for the phasor calculations at all the different locations [26]. Just as in DC 
circuits, power flows from high voltages to low voltages, in an AC power system,  real 
power flows from a higher voltage phase angle to a lower voltage phase angle [26] – the 
larger the phase angle difference between the source and the sink, the greater the power 
flow between those points implying larger the static stress being exerted across that 
interface and closer the proximity to instability. 
BUS 1
1d
1V
                Signal 1
                Reference
2d
2V
                Signal 2
                Reference
BUS 2
2V
2d
1d 1V
 
Figure  2.1: Representation of common reference signal at remote locations possible due to GPS 
synchronization 
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Voltage phasor angles of power network buses have always been of special interest to 
power system engineers. It is well known that active (real) power flow in a power line is 
very nearly proportional to the angle difference between voltages at the two terminals of 
the line. The flow of real power and angle differences across transmission has been of 
concern for many years. The earliest modern application involving direct measurement of 
phase angle differences was reported in early 1980s [27–29]. These systems used 
LORAN-C, GEOs satellite transmissions, and the HBG radio transmissions (in Europe) in 
order to obtain synchronization of reference time at different locations in a power system. 
 
Operation of the power system is based on SCADA and EMS systems that have 
evolved over the last 50 years. Phasor measurement is the next generation of 
measurement technology that is needed for the real-time wide area monitoring of the 
power system.  Phasor address the problems that have surfaced in most of the major 
blackouts that have occurred around the world, notably August 2003 Eastern 
Interconnection Blackout in the U.S. [30], August 1996 Western Interconnection 
Blackout in the U.S.[31], Summer 2003 and 2004 blackouts in Europe and elsewhere 
[32]. All these blackout investigations reached some combination of the following 
conclusions: 
• Lack of wide area visibility 
• Lack of time-synchronized data 
• Lack of ability to monitor system dynamics behavior in real-time. 
However, phasor technology addresses these shortcomings because, phasor is 
considered as the MRI (Magnetic Resonance Imaging) of the power system providing 
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high resolution, time-synchronized data for system-wide grid dynamics visibility, 
compared to the “x-ray quality” visibility of the traditional SCADA-based systems. 
SCADA was designed for local area control, monitoring and management. Development  
of power system interconnections and regional markets have shifted the focus for grid 
monitoring and control to a much larger geographic footprints and adapting SCADA to 
meet this emerging need is cost prohibitive. Phasor technology overcomes the limitations 
of SCADA for wide area, time-synchronized, dynamic, real-time grid monitoring and 
control. Table 2.1 compares phasor capabilities with SCADA [33]. 
 
Table  2.1: Comparison between SCADA and PHASOR technologies 
ATTRIBUTE SCADA PHASOR 
Measurement  Analog Digital 
Resolution 2-4 samples per sec Up to 60 samples per sec 
Observability Steady State Dynamic/Transient 
Monitoring Local Wide-Area 
Phase Angle 
Measurement 
No Yes 
Measured Quantity Magnitude – 
(RMS) – MW, 
MVAR 
Magnitude (RMS) and 
phase offset from common 
reference  – MW, MVAR, 
and Angle Difference 
 
The Block diagram of PMU is illustrated in Fig. 2.2, where the analog inputs are 
currents and voltages, obtained from the secondary windings of the current and voltage 
transformers.  All  three-phase  currents  and  voltages  are  used  so  that  positive-
sequence  measurement can be carried out. The current and voltage signals are converted 
into digital form by analog-to-digital converters. The sampling clock is phase-locked with 
the GPS clock. Sampling rates start with a rate of 12 samples per cycle to as high as 96 or 
128 samples per cycle in more modern devices [34]. 
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Figure  2.2: Major elements of the modern PMU [34]. 
 
The PMUs are installed in power system substations. The selection of substations 
where these installations take place depends upon the use to be made of the measurements 
they provide. In most applications, the phasor data is used at locations remote from the 
PMUs. Thus an architecture involving PMUs, communication links, and data 
concentrators must exist in order to realize the full benefit of the PMU measurement 
system. A generally accepted architecture of such a system is shown in Fig. 2.3. 
 
 
Figure  2.3: Hierarchy of the phasor measurement systems, and levels of phasor data concentrators [34]. 
 
  In  Fig.  2.3  the  PMUs  are  situated  in  power  system  substations,  and provide  
measurements of time-stamped  positive-sequence  voltages  and currents of all monitored 
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buses and feeders (as well as frequency and rate of change of frequency). The 
measurements are stored in local data storage devices, which can be accessed from 
remote locations for post-mortem or diagnostic purposes. The local storage capacity is 
necessarily limited, and the  stored  data  belonging  to  an  interesting  power  system  
event  must  be flagged for permanent storage so that it is not overwritten when the local 
storage  capacity  is  exhausted.  The  phasor  data  is  also  available  for  real-time  
applications  in  a  steady  stream  as  soon  as  the  measurements  are made. There may 
well be some local application tasks which require PMU data, in which case it can be 
made available locally for such tasks. However, the main use of the real-time data is at a 
higher level where data from several PMUs is available.   
 
The  devices  at  next  level  of  the  hierarchy  are  commonly  known  as “phasor  data  
concentrators”  (PDCs).  Typical function of the PDCs is to gather data from several 
PMUs, reject bad data, align the time–stamps, and create a coherent record of 
simultaneously recorded data from a wider part of the power system. There are local 
storage facilities in the PDCs, as well as  application  functions which  need  the  PMU  
data  available  at  the  PDC. This can be made available by the PDCs to the local 
applications in real-time.  One may view the first hierarchical level of PDCs as being 
regional in their data-gathering capability. On a system wide scale, one must consider  
another  level  of  the  hierarchy  (Super  Data  Concentrator  in  Fig. 2.3).  The functions 
at this level are similar to those at the PDC levels – that is, there is facility for data storage 
of data aligned with time-tags as well as a steady stream of near real-time data for 
applications which require data over the entire system.  Fig. 2.3 shows the communication 
links to be bidirectional.  Indeed, most of the data flow is upward in the hierarchy, 
although there are some tasks which require communication capability in the reverse 
direction [34]. 
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2.2   Inter Area Oscillations 
Even today, when voltage problems are by far, more important for network operators 
than damping control, large disturbances tend to induce wide-area low frequency 
oscillations in major grids throughout the world: at 0.6 Hz in the Hydro-Quebec system 
[35,36], 0.2 Hz in the western North-American interconnection  [37,38], 0.15-0.25 Hz in 
Brazil [39] and 0.19-0.36 Hz in the UCTE/CENTREL interconnection in Europe [40]. 
The recent 2003 blackout in eastern Canada and US was equally accompanied by severe 
0.4 Hz oscillations in several post-contingency stages  [41]. The two famous WECC cases 
in the summers of 1996 and 2000 were both associated with poorly damped inter-area 
oscillations under conditions of high power transfer on long paths [38].  A brief history of 
major system collapse and blackouts in all over the world due to low frequency inter-area 
oscillations are shown in Table 2.2.   
Table  2.2: System collapse and blackouts due to Inter-area Oscillations  
 
Year Locations 
2003 Eastern Canada  and USA 
2006 UCTE/CENTREL interconnection in Europe 
2003 Western North-American interconnection 
1964, 1996, 2000 Western Electric Coordinating Council  (WECC) 
1960s, 1985 Hydro-Quebec system 
1960 Finland-Sweden-Norway-Denmark 
1971, 1974 Italy-Yugoslavia-Austria 
197 1,1972 Mid-continent area power pool (MAPP) 
1966 Saskatchewan-Manitoba Hydro-Western Ontario 
1975 South East Australia (1975) 
1978 Scotland-England 
1982 , 1983 Western Australia 
1985 Taiwan 
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    Inter-area oscillations are a part of the nature of interconnected power systems. Large 
power systems being connected by weak ties transmitting heavy power flows tend to 
exhibit such modes. These oscillations are a result of the swing between groups of 
machines in one area against groups of machines in another area, interacting via the 
transmission system. They may be caused by  small  disturbances such  as  changes in  
loads  or  may  occur  as  an  aftermath  of  large  disturbances. This type of instability 
(small-signal rotor-angle instability) in interconnected power systems is mostly 
dominated by low frequency inter-area oscillations (LFIO). LFIOs may be result in small 
disturbances, if this is the case, their effects might not be instantaneously noticed. 
However, over a period of time, they may grow in amplitude and cause the system to 
collapse [42]. Incidents of inter-area oscillations have been reported form many decades.  
 
 Characteristics of inter-area oscillations are analyzed in [43] using modal analysis of 
network variables such as voltage magnitude and angle; these are quantities that can be 
measured directly by PMUs. The study gives a deeper understanding of how inter-area 
oscillations propagate in the power system network and proposes an alternative for 
system oscillatory mode analysis and mode tracing by focusing on network variables. 
 
Power system oscillation damping has always been a major concern for the reliable 
operation of power systems. To increase damping, several approaches have been 
proposed; the most common ones being excitation control through power system 
stabilizers (PSS), SVCs and other FACTS devices [44,45]. In this thesis, the main focus is 
on PSS excitation control using control input signals derived from PMU data.  
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Over the past decades, the concept of wide area measurement and control systems has 
been widely discussed. The concept is particularly based on data collection and control of 
large interconnected power systems by means of time synchronized phasor measurements 
[46]. Due to economical constraints, electric utilities are being forced to optimally operate 
power system network, under very stringent conditions. In addition, deregulation has 
forced more power transfers over a limited transmission infrastructure. 
 
As a consequence, power systems are being driven closer to their capacity limits which 
may lead to system breakdowns. For this reason, it is necessary for power systems to have 
high power transfer capacity while maintaining high reliability. One of the main problems 
of current Energy Management System (EMS) is insufficient view of system dynamics 
from Supervisory Control and Data Acquisition (SCADA) and uncoordinated local 
actions. Wide-Area Measurement Systems (WAMS) and Wide-Area Control Systems 
(WACS) based on synchronized phasor measurement propose a solution to these issues. 
Consequently, the importance of WAMS and WACS has significantly increased and more 
attention has been paid towards their increased development [47]. 
 
In the recent years, PMU based WAMS devices has received ever increasing attention 
from the academia as well as from the industry. Power utilities have been designing and 
implementing WAMS to provide more intelligent monitoring, control, and protection of 
the power grid, in order to achieve real-time operations in the modern power systems 
[48]. WAMS basic purpose is for the wide-area security assessment to provide early 
warnings of deteriorating system conditions to the control center [49]. 
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The WAMS project was founded in 1995 by the U.S. Department of Energy to 
encourage the development of advanced tools  for  wide-area  measurement,  control  and  
operation  in  the  Western  North  American  power  system  (WECC)  [50].  U.S. 
Eastern Interconnection [51], Canada [52] , Russia [53], China [54,55], Brazil [56], 
Italy[57], Europe [58], Mexico [59], Nordic countries [60]  and others have installed 
WAMS [61]. The measurement devices used in WAMS are GPS-time synchronized 
PMUs which provides high sample rate of voltage and current phasor measurements. It is 
noted that the most commonly used applications of WAMS are phase angle and 
oscillation monitoring with limited use for voltage stability monitoring. Its application is 
to improve the knowledge of system dynamics. For efficient system dynamics and 
economics, studies shows that optimal placement of  PMU is necessary for large 
interconnected power systems [62–64]. 
 
WACS serves as a base for emergency control systems using measurements obtained 
from WAMS [65]. The objectives of this control system are blackout prevention, power 
system stability improvement, and transmission capacity enhancement. WACS uses 
PMUs as an advanced measurement technology, fiber optics communication, and real-
time control computers. The communication infrastructure causes some delays. However, 
preliminary investigation of the problem of inter-area oscillation damping using remote 
measurements revealed that a small amount of delay (up to 200ms) did not significantly 
reduce the performance of the response of the system under small-signal or transient 
conditions during time-domain simulations [66]. The communication infrastructure of 
time delays of PMU are discussed in [67–69]. 
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Some salient features of WACS described are improvement of observability and 
controllability, outage control, and high reliability and flexibility. The  remaining  
challenges  are  to  shift  from  monitoring  to  control  (WAMS  to  WACS)  and  to  fully  
utilize  the  benefit  of synchrophasor measurement technology.  
 
The objectives for control in today’s large interconnected power systems are to 
improve dynamic performance and to enhance transfer capacity in weak tie-lines. Several 
studies suggest that due to the lack of observability in local measurements of certain inter-
area modes, damping control using global signals may be more effective than local 
control [52,70–73]. One promising application of WACS using global measurements is 
wide-area damping control (WADC). The concept is to design the controller that use 
wide-area measurements to improve power system oscillation damping. WADC 
implementations, such as control of PSSs using synchronized phasor measurements are 
discussed in [74,75].  
 
A wide-area measurement project was started by Fingrid, the Finnish transmission 
system, back in 2006. Nowadays the system deploys 12 phasor measurement units (PMU) 
and a phasor data concentrator (PDC) with applications. PMU are also installed to wide-
area measurement systems in Norway and Denmark [76]. WADC with SVCs are installed 
in the Nordic power system are presented in [77]. Present and past applications of WAMS 
and WACS at Hydro-Québec are discussed in [52], where recent studies have been 
focused on damping stability control. The WAMS implementation at Hydro-Québec 
shows that wide-area stabilizing PSS controllers using PMU information can improve the 
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dynamic performance of the system. Simulation results on China’s Northern grid have 
demonstrated that the proposed design was successful at achieving its design 
specifications [78].  
 
Recently, a successful implementation of WADC on China’s Southern Power Grid was 
reported in [79].  PMUs integrated with SVCs are installed on six 500kV HVDC link 
substations in China Southern Power Grid.  Closed-loop field tests show a promising 
future for WADC. The field test results show that the commission of WADC system can 
increase the damping ratio of the dominant modes more than 10%. The only PMU based 
continuous feedback control, in the real bulk power grid is developed in China [79].  
Which is still in testing phase and based on SVC’s to provide reactive power to the 
substations. It lacks the controlling of excitation system such as dual input PSS to damp 
inter-area oscillations. 
 
2.3 Power System Stabilizer Design 
Power System Stabilizers are supplementary control devices which are installed in 
generator excitation systems. Their main function is to improve stability by adding an 
additional stabilizing signal to compensate for undamped oscillations [80].  The  action  
of  a  PSS  is  to  extend  the  angular  stability  limits  of  a  power  system  by  providing 
supplemental  damping  to  the  oscillation  of  synchronous  machine  rotors  through  the  
generator  excitation.  This damping is provided by an electric torque applied to the rotor 
that is in phase with the speed varies. 
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It has been suggested in several studies that the information obtained from PMUs is 
valuable for damping control, and with properly tuned controllers, global control may 
yield better performance than local control. This research mainly focuses on the problem 
of improving the performance of conventional PSS, for a better damping of inter-area 
oscillations, by using instantaneous measurements from remote locations of the grid as its 
supplementary inputs. The optimal placement of power system stabilizer (PSS) on remote 
generators for damping electromechanical oscillation of power system is discussed in 
[81,82].   
 
Generator speed, terminal-bus frequency, and active power are the most commonly 
used control input signals. The most common input signal for local control is generator 
speed deviations [83].  Controllers based on speed deviation would ideally use a 
differential-type of regulation and a high gain.  Since this is impractical in reality, the 
previously mentioned lead-lag structure is commonly used. However, one of the  
limitations  of  the  speed-input PSS is that it may excite torsional oscillatory modes 
[83,84]. A power/speed (ΔPe-ω) PSS design was proposed as a solution to the torsional 
interaction problem suffered by the speed-input PSS [85].  The power signal used is the 
generator electrical power, which has high torsional attenuation.  Due to this, the gain of 
the PSS may be increased without the resultant loss of stability, which leads to greater 
oscillation damping [83]. 
 
Recently, wide-area or global signals obtained from PMUs have gradually gained 
popularity as promising alternatives to local signals. In [86], it is shown that if Δω signals 
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are used, they must be synchronized. For PSSs using PMU control input signals, this 
important aspect has not been addressed in the literature. However, this is a topic 
currently being investigated at KTH and interesting results will be available soon [86]. 
 
Current  research  has  focused  on  rotor  speed  as  a  control  variable [3,87–89]. It  
has  been  found  that frequency  is  highly  sensitive  to  the  strength  of  the  
transmission  system,  that  is,  more  sensitive when the system is weaker, which may 
offset the controller action on the electrical torque of the machine. The signal with 
maximum observability for a particular mode can be from a remote location or combined 
information from several locations. Therefore, in combination with local control, a remote 
signal provides more stability to the wide area power system. For that reason, PMU 
carries out an important task to provide the real-time synchronized remote signal, to the 
input of PSS, which would damp the low frequency oscillations in the wide area system 
to a wide extent. The disadvantages of local signals are lack of global observability and 
lack of mutual coordination. Several approaches for the selection of PSS control input 
signals for damping of inter-area oscillations are described in [3,87–91]. The results show 
that the wide-area signal yield better performance than that of the conventional approach. 
Therefore, dual input PSS integrated with PMUs are considered to damp out local as well 
as inter-area modes.  
 
2.4 Backup Damping Control  
Many serious accidents are due to malfunction of relay, breakers, and other switching 
devices. The  backup  protection   is  used  to  clear  the  fault  when main  protection  of 
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electrical  equipment  or  the  corresponding circuit    breaker   refused    to    work    with    
equipment  fault protection.  For this purpose dynamic braking resistor is used for backup 
damping controller. The  dynamic  braking  resistor  has  been  known  to  be  a  useful  
tool  in  stabilizing  power  systems  following  large  disturbances  in  the  system. The  
braking  resistor  can  be  viewed  as  fast  load  injection  to  absorb  the  excess  transient  
energy  of  an  area  caused  by  a  disturbance.  It  has  generally been  studied as a shunt 
resistor load connected  at  a  generator  site  and  its  energy  absorbing  capacity  is  
limited by  the maximum  temperature  rise  of  the  braking  resistor material.  Dynamic  
braking  resistors  are  in  use  in  the  USA,  Japan  and the USSR [92].  
 
Normally, switching of the resistors in these installations is done on the basis of open- 
loop, predetermined strategies.  A number of theoretical and computer studies on braking  
resistor  switching  strategies  are reported  in  the  literature  [93,94]. The  strategy is  
based  on the  switching of  a  braking  resistor  and  shunt  reactor  alternately depending  
on speed deviations. The resistor absorbs the excess energy when the machine 
accelerates. The  strategy  that  the  brake  will  be  switched  in  and  out  several  times  
to absorb the excessive power and settles downs the transient instabilities. A backup 
damping control is provided by using braking resistor in addition to the PSS, before 
generators isolation from the system. 
 
 
 
 
23 
 
 
 
 
 
 
 
CHAPTER 3                                                                          
POWER SYSTEM MODEL 
3.1 Single Machine Infinite Bus System 
The  4th  order non-linear model of SMIB is given as, 
 0δ ω ω= ∆  ( 3.1) 
 [ ]1ω
2 m e D
P P P
H
= − −  ( 3.2) 
 
1 ( )q fd q d d d
do
e E e x x i
T
′ ′ ′ = − − − ′
  ( 3.3) 
 
1 ( )fd A ref t fd
A
E K V V E
T
 = − − 
  ( 3.4) 
Here, the states [   ]q fde E′δ ω  are generator rotor angle, speed, field voltage, and d-q 
components of the internal voltages respectively.  
A  complete   system   model   for  Low-frequency oscillation    studies   can  be  
derived from the block  diagram  as shown in Fig. 3.1 [95,96]. 
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Figure  3.1: Philips-Heffron linearized model 
 
For controller design purposes, it is usually more convenient to work with a linear 
model. The first step to develop the linearized model of the power system for low 
frequency oscillation studies is to calculate the initial conditions such as initial currents, 
initial voltages, initial rotor angles …etc. Linearized equations are obtained from the Fig. 
3.1 while Fig. 3.2 represents the SMIB system for calculating the initial conditions. Initial 
condition calculation, linearization constants Kl, K2, ..., K6  and the state space model of 
SMIB is shown in appendix A. 
  
Figure  3.2: Single machine infinite bus system with local load 
 
From Philips Heffron block diagram Fig. 3.2, I addition with the supplementary 
excitation control UPSS, the state space equations may be written as  
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PSSX AX BU= +

 ( 3.5) 
The 4th order model of SMIB will becomes, 
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( 3.6) 
 
3.2 Multimachine Power System 
In this section, the SMIB system model represented by Fig. 3.1 is extended to describe an 
n-machine m-bus multi-machine power system [97,98].  A typical block diagram of the ith 
machine can be represented by Fig. 3.3. Because of the interaction among machines, the 
branches and loops become multiplied [99]; for instance, 1K  becomes 1ijK , AT  becomes
AiT , etc. The state variables also become multiplied; for instance, d  becomes id ,   
where, i = 1, ..., n, and  j = 1, ... ,n.  
A multimachine power system with ith  machines is modeled as: 
 ( 1)i b iδ ω ω
•
= −  ( 3.7) 
 ( ( 1)) /i mi ei i i iP P D Mω ω
•
= − − −  ( 3.8) 
 ' ' ' '( ( ) ) /qi fdi di di di qi doiE E x x i E T
•
= − − −  ( 3.9) 
 ( ( ) ) /fdi Ai refi i PSSi fdi AiE K V v u E T
•
= − + −  ( 3.10) 
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Figure  3.3: Linearized model of the ith machine in multi-machine power system 
 
It is worth emphasizing that if a PSS is incorporated in the multimachine system, the 
Y-matrix is no longer constant. The PSS stabilizer is a widely used lead-lag controller, 
whose transfer function is 
  UPSS= 1 3
2 4
1 1
1 1 1
w
C
w
sT sT sTK
sT sT sT
  + +
  + + +  
Δω ( 3.11) 
where, Δω and UPSS are stabilizer input and output, KC is stabilizer gain, Tw is washout 
time constant, T1, T2, T3, and T4 are stabilizer time constant. Since the state equation, is in 
the general form, it is applicable to any number of machines. So the system matrix will be 
as follows: 
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where 1x

,…, nx

 are the state variable vectors of n machines, 1u ,…, nu  are  the  controls; 
B is the control matrix; 11A , 22A ,…, nnA  are the local system matrices of the individual 
machines; and the off-diagonal matrices 12A , 23A  and so on,  represent the  paths of 
dynamic interaction between machines. Note that (3.13) can be expanded to any number 
of machines using high-or low-order machine and control models. 
 
3.3 Excitation system  
The excitation system considered in this study by the IEEE type-ST1 system shown in 
Fig. 3.4, and is described by 
 
AfdPSStrefAfd TEUVVKE /))(( −+−=
•
 ( 3.14) 
 2 2 1/ 2( )t d qV V V= +  ( 3.15) 
 d q qV x i=  ( 3.16) 
 ' 'q q d dV E x i= −  ( 3.17) 
Where, Eq', Efd are the generator internal and field voltages, xd, xd’ are d-axis reactance 
and d-axis transient reactances, id, iq are d- and q-axis armature currents respectively. Vt  
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is generator terminal voltage and UPSS is the PSS control signal. A conventional lead-lag 
PSS is installed in the feedback loop to generate a supplementary stabilizing signal UPSS, 
see Fig. 3.2. The PSS input is the change in the machine speed. 
 
Figure  3.4: IEEE type-ST1 excitation system with lead-lag PSS 
 
3.4 Power System Stabilizers 
The supplementary excitation control of the low-frequency oscillations is currently   
known as the power system stabilizer (PSS). The  idea of supplementary excitation is to 
apply a signal through the excitation system to increase the damping torque of the  
generator in a power system [100].  A generic PSS block diagram is shown in Fig. 3.5. It 
consists of three blocks: a gain block, a washout block and a phase compensation block 
[101]. The output signal of any PSS is a voltage signal, noted here as UPSS, and added as 
an input signal to the AVR/exciter. This particular controller structure contains a washout 
block, /(1 )sT sTω ω+  used to reduce the over-response of the damping during severe 
events.  
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Figure  3.5: General PSS block diagram 
 
 Since the PSS must produce a component of electrical  torque  in  phase  with  the  
speed  deviation,  phase  ‘lead-lag’ block  is  used  to compensate  for  the  lag  between  
the  PSS  output  and  the  control  action,  the electrical torque.  In Figs. 3.5, 3.6 and 3.7,  
KC is the gain of PSS, TW is the washout time constants and T1, T2, T3 and T4 are the time 
constants of lead-lag blocks which are needed to be tuned. While the inputs of these PSSs 
are deviation in rotor speed and real power. The number of lead-lag blocks needed 
depends on the particular system and the tuning of the PSS.  The PSS gain Kc is an 
important factor as the damping provided by the PSS increases in proportion to an 
increase in the gain up to a certain critical gain value, after which the damping begins to 
decrease.  All of the variables of the PSS must be determined separately for each type of 
generator because of the mutual interaction of the machines and shown in Fig. 3.3. 
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Figure  3.6: IEE2ST type PSS 
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Figure  3.7:  PSS2A type PSS 
 
IEE2ST and PSS2A type PSSs are illustrated in Fig. 3.6 and Fig. 3.7 respectively.  
where T6, T7 and T8,T9 are the time constants for input filters and ramp tracking filter 
respectively. Both are multi-input PSSs but PSS2A consist of complex structure have 
more time delay that is not compatible for PMU real-time damping control operations. So 
IEE2ST type PSS is best suitable for local and remote signal applications.  
 
Now, the proposed approach will be discussed in next chapter, where the proposed 
solution to deal with inter-area oscillation and the strategy to damp out these oscillations 
will be discussed in detail by considering the models presented in this chapter.  
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CHAPTER 4                                                       
PROPOSED APPROACH  
Inter-area oscillations are the main concern for bulk power transfer on weak tie lines 
on large connected power systems. In this chapter we will discuss the proposed approach 
for the damping of inter-area oscillations based on modern wide area measurements, 
PMUs, that provides real-time dynamics of a wide area network. 
 
For the application of proposed wide-area measurement and control WAMAC the test 
systems are first linearized, optimized and then simulated on Matlab. After that, these are 
tested one further in real-time using RTDS. Selection of optimal placement of power 
system stabilizers is done through eigen value based participation factor. IEEEST single 
input and IEE2ST dual input type PSS are used for damping control. PSS controller gains 
and time constants are optimized by differential evolution optimization technique.  This 
thesis is a contribution for inter-area oscillations such that, Phasor Measurement Unit 
integrated with dual input IEE2ST type PSS in synchronism with GPS clock, is used to 
damp inter-area low frequency oscillations. 
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4.1 Optimal Location for Power System Stabilizer 
Optimal placement of PSS is identified by dominant roots located near to the imaginary 
axis. This approach enhances the power system stability and reduces the cost of number of 
PSS installed [102]. State variables, affecting the dominant root are also identified.  
Consider a linear time-invariant system, with the system matrix ( x )A n n , the right 
eigenvectors iφ ,  i = l, 2, ..., n, which are the conventional indices for the identification of 
stabilizer locations, are defined by the following equation 
 i i iA φ λ φ⋅ = ⋅        ,        i n=1,2,…,  ( 4.1) 
where iλ   are the eigenvalues of the system. On the other hand the left eignvector is 
defined as follows 
 i i iAψ λ ψ⋅ = ⋅         ,         i n=1,2,…,  ( 4.2) 
Then the participation factor ijP   (the j-th  state variable  xj  in  the i-th eigenvalue iλ ) 
is expressed as: 
 xij ij ijP φ ψ=  ( 4.3) 
The matrices Φ and Ψ  are related as x ;T IΦ Ψ =  therefore: 
 
1 1
x 1.0 0.0
n n
ij ij ij
j j
P jφ ψ
= =
= = +∑ ∑  ( 4.4) 
Similarly, 
1
1.0 0.0
n
ij
i
P j
=
= +∑  ( 4.5) 
The  participation  factor ijP  expresses  effect of  i
th  state  variable  against  the  
eigenvalue jλ ; the participation factor found to be more effective than normal eigenvectors 
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method, and useful for the  eigenvalue  analysis.  In this thesis, the state variable affecting 
the dominant root is identified by participation factor; which tell us that which generator 
should be equipped with the PSS controller in order to enhance the system stability and 
optimal use of stabilizers [103,104]. Once, the stabilizers are optimally located, their 
parameters are optimized and tuned by an intelligent optimization technique, differential 
evolution. 
4.2 Power System Stabilizers Structure 
In this thesis, the synchronous generator and the exciter are described by the 4th order 
model outlined in chapter 3, which is widely accepted for analyzing power system 
dynamics. In this controller structure, Tw is usually predetermined. The controller 
parameters to be specified, are KC, T1, T2, T3, and T4.  
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Figure  4.1: Proposed IEE2ST type PSS 
 
For the proposed damping controller IEE2ST type PSS  is considered as shown in Fig. 
4.1, with local and remote input signals in coordination with PMU, to damp and settle 
down the transients of inter-area oscillations quickly, maintaining system stability. 
Equation 4.6, represents the state space representation of the proposed IEE2ST PSS 
integrated with PMU for a dual input PSS. As shown below: 
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 ( 4.6) 
 
CW A W=

 ( 4.7) 
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4.3 Power System Stabilizer Tuning 
To increase the system damping to electromechanical modes, the following eigenvalue 
based objective function is considered [105]. 
 { }1 of electromechanical modesiJ max : sζ ζ ζ= ∈  ( 4.8) 
where 1ζ  is the damping ratio of the 
thi   electromechanical mode eigen value 
respectively. In the optimization process, it is aimed to maximize J  in order to increase 
the damping of electromechanical modes. The problem constraints are the optimized 
parameter bounds. Therefore, the design problem can be formulated as the following 
optimization problem. 
Maximize J subject to, 
 
min max
min max
1 1 1
min max
2 2 2
min max
3 3 3
min max
4 4 4
i i i
i i i
i i i
i i i
i i i
K K K
T T T
T T T
T T T
T T T
≤ ≤
≤ ≤
≤ ≤
≤ ≤
≤ ≤
      
       
      
     
        
 ( 4.9) 
Typical ranges of the optimized parameters are [0.001-100] for iK , [0.06-1.5] for 1iT  
and i3T , and [0.01-0.1] for 2iT  and 4iT . The time constant WT  is set to [3-10]sec. 
Considering  the  objective  functions  given  in  (4.8),  the  proposed  approach  employs 
DE algorithm to solve this optimization problem and search for optimal set of PSS 
parameters, { iK , 1iT , 2iT , i3T , 4iT ,  i=1,2,…, PSSn }. 
4.4 Optimization Technique 
The parameters of the PSS, gains and time constants are optimized with differential 
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evolution optimization.  The differential evolution algorithm is easy to use and fast 
converging. It optimizes the values of gain Kc and time constants of the lead-lag blocks 
based on minimizing the cost function. The DE is a population based optimization 
technique and is suited for solving non-linear and non-differentiable optimization 
problems. DE is a kind of searching technique and requires number (NP) of candidate 
solutions  to form a population, where each solution consists of certain number of 
parameters depending on the problem dimension [106]. 
 
The strategy applied in this technique is to use the difference between randomly 
selected vectors to generate a new solution. For each solution in the original population, a 
trail solution is generated by performing process of mutation, recombination and selection 
operators. The old and new solutions are compared and the best solutions are emerged in 
the next generation. Initially the DE was developed to solve single objective optimization 
problem. The DE, as an evolutionary technique, generally performs three steps: 
initialization, creating new trail generation and selection [107]. 
 
A flowchart of DE algorithm is shown in Fig. 4.2. The algorithm begins by randomly 
initialize the controller parameters. The parameters to be optimized are the PSS controller 
gains and time constants. In order to diversify the search for the optimal solution mutation 
and crossover functions are applied. Objective function is then evaluated. The selected 
values of controller parameters are used to evaluate the eigenvalues of the closed loop 
matrix. DE will try to push all those eigenvalues that have damping ratio less than the 
preselected one to have the desired damping. The proposed DE based approach was 
implemented using MATLAB. Initially,  several  runs  have  been  done  with  different  
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values  of  DE  key  parameters such as mutation constant F, crossover constant CR, and 
size of population NP. In this thesis, the following values are selected: F=0.8; CR=0.9; 
NP=20; the search will be terminated if (a) the number of iterations since the last change 
of the best solution is greater than 50; or (b) the number of iterations reaches 500.   
Initial Population
Randomly initialize the control variables
Calculate Objective
Search / Update Best Solution
Check Stopping Criteria
Mutation and Crossover
Calculate Objective and compare 
Offspring with Corresponding vectors in 
the original population
STOP
Yes
No
 
Figure  4.2: Flowchart of DE optimization method 
 
4.5 Eigenvalue Analysis and non-linear Time Domain Simulations 
The eigenvalues of the state matrix A determine the time domain response of the 
system to small perturbations and therefore provide valuable information regarding the 
stability characteristics of the system. The stability of the system is determined by the 
eigenvalues as follows: The Eigen value analysis, a real eigenvalue corresponds to a non-
oscillatory mode. A negative real eigenvalue represents a decaying mode. A positive real 
eigen value represents a periodic instability. Complex eigenvalues; occur in conjugate 
38 
 
pairs, and each pair corresponds to an oscillatory mode. If all eigenvalues have a negative 
real part then all oscillatory modes decay with time and the system is said to be stable. 
The critical eigenvalues are characterized by being complex (also denominated swing 
modes or oscillatory modes) and located near the imaginary axis of the complex plane 
[108]. For a complex pair of eigenvalues jλ σ ω= ± , the real component of the 
eigenvalues (σ ) gives the damping, and the imaginary component (ω ) gives the 
frequency of oscillation. A negative value of σ  represents a damped oscillation whereas 
a positive value of σ  represents oscillation of increasing amplitude. The frequency of 
oscillation in Hz is given by / 2f ω π= . The damping ratio (ζ) is given by 
2 2/ζ σ σ ω= − +  
4.6 Backup Protection for Transient Stabilities 
To make the proposed model very near to the real scenario, a backup control is also 
considered as a backup protection for the proposed system. The frequency sensitivity 
based backup protection will trigger the braking resister to absorb the extra power. In case 
of fault disturbance, because it has low resistance and no inductance, it can be used to 
slow the system acceleration ‘during’ a fault. The role of the braking resistor is clear: it 
can be viewed as a fast load injection to absorb the excess transient energy. This thesis 
proposes an approach in which the braking resistor will be applied during the fault. This 
approach dramatically reduces the effect of the fault. The obvious question at this 
juncture is: how big should the braking resistor be? This is a hard question to answer with 
great precision. However, the preliminary studies [109,110] indicate that the total energy 
absorbing capacity of the brake in mega joules should be roughly ten per cent of the 
generator’s rated output in megawatts. 
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CHAPTER 5                                                              
EXPERIMENTAL SETUP 
 
5.1 Real time Digital Simulator 
The proposed system is made on RSCAD program which is then compiled and sent for 
real-time simulations on RTDS.  Real-time digital simulator (RTDS) is a combination of 
specialized computer hardware and software designed specifically for electromagnetic 
transient simulations in real-time. The system is used for high speed simulations, closed-
loop testing of protecting and control equipment and hardware in the loop (HIL) 
applications.  A proper RTDS lab is built under Power and Energy Group in the Electrical 
Engineering Department of King Fahd University of Petroleum and Minerals, Saudi 
Arabia. Where one rack of RTDS equipped with 3 GPC cards are installed with all 
accessories. The proposed system is simulated, tested and validated on RTDS. 
 
RTDS is a real-time digital simulator specially designed for wide area power systems, 
its response are much nearer to the existing practical systems. The proposed system is 
first developed in RSCAD software which is then compiled and sent to the RTDS 
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processing and control unit. This unit consists of GPC cards, input output ports for 
hardware connection and high speed multi-processors. Following are the major 
components that are used in building RSCAD model. 
 
5.2 Phasor Measurement Unit (PMU) 
 
 
Figure  5.1: Representation of PMU Block in RTDS   
 
PMU block is shown in Fig. 5.1, where each PMU block can take data from eight 
different remote locations PM1, PM2, …, PM8 with 1PPS, Pulse per signal . The PMU 
provides the phasor voltage, current and frequency of the remote location.   Its reporting 
rate is 1frame per second to 60 frames per second. This data can be used for wide are 
measurement as well as for control purpose. 
 
5.3 Power System Stabilizers Model 
IEEEST and IEE2ST power system stabilizers with single and multi-input respectively 
are shown in Fig. 5.2, where IEEEST is a conventional PSS, while IEE2ST is a modern 
dual-input PSS having rotor speed and real power as an input signal. The output of the 
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PSS, in terms of voltage, is feedback to the excitation system to stabilize the system by 
compensating the component of field voltage.  
 
  
Figure  5.2: IEEEST and IEE2ST Power system stabilizers 
Where, Pe is the real power, w is is the rotor speed and Vs is the output of PSS. 
 
5.4 Transmission Line Model 
Single circuit, three-phase transmission line with sending and receiving end is shown 
in Fig. 5.3. The transmission line connecting two areas in proposed system is a weak tie 
line, high reactance, with bulk power transfer, from one area to another area. A small 
disturbance will induce inter-area oscillations of 0.1-0.8 Hz, that could lead the system 
collapse.   
 
Figure  5.3: Transmission line model 
 
5.5 Generator Model 
A complete three-phase, synchronous generator model in RSCAD is shown in Fig. 5.4, 
it consist of generator transformer model, excitation system, PSS, and a governor.  The 
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stabilizer input signal is a local speed of the generator to keep the generator in steady 
state. The power transfer to the grid is step up through ye-delta step-up transformer. 
 
Figure  5.4: Synchronous generator model with governor, exciter and PSS 
 
 
5.6 IEE2ST PSS Integrated with PMU 
Multi input IEE2ST PSS controller is of great interest for damping local as well as 
inters area oscillation. A complete generator model with IEE2ST PSS integrated with 
PMU for damping inter-area oscillations is illustrated in Fig. 5.5. The remote signal ω   is 
provided by PMU from distant locations in synchronism with GPS clock. Whereas, the 
local signal is the real power measured from generator terminal. These local and remote 
signals are injected in dual input IEE2ST PSS, whose output is then feedback to the 
exciter, to damp out low frequency inter-area oscillations. 
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Figure  5.5: Generator model with IEE2ST PSS integrated with PMU for damping inter-area oscillations 
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CHAPTER 6                                                                               
RESULTS AND TESTING 
Proposed wide area monitoring and control (WAMAC) system that aims to mitigate the 
power system transient instabilities is simulated and tested on two test systems with 
Matlab and RTDS. 3-Machine 9-Bus test system and 5-Machine 14-Bus system are built, 
tested and validated to properly investigate the damping of low frequency inter-area 
oscillations quickly and efficiently.  
 
6.1 Test Case 1: 3-Machine 9-Bus system 
 
3-Machine 9-Bus system [111] as shown in Fig. 6.1, is used to test the proposed 
system response on three different conditions for inter-area oscillations. First, when no 
PSS is connected to the test system. Second, when the system is connected with IEEEST 
type PSS. Third, when system is connected with IEE2ST type PSS integrated with PMUs. 
The PSS are optimally located using participation factor method, PSS gains and time 
constants are optimized by differential evolution intelligent technique. At the end 
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eigenvalue analysis is carried out for all three conditions.  
 
Figure  6.1: Bus diagram of three-machine nine-bus system 
6.1.1 Optimal placement of PSS  
Optimal placement of PSS is done with eigenvalue based participation factor. Table 
6.1, indicates the electromechanical modes against the generator locations of the system 
which causes low frequency inter-area oscillations. The generators that are more affecting 
the electromechanical modes are highlighted in Table 6.1.  It is obvious that generator 2 
and generator 3 have more contribution in creating inter-area oscillations so PSS should 
be installed on these optimal locations for best performance with economical use. 
 
Table  6.1: Optimal Location Identification for PSS Installation (Test Case-1)  
Electromechanical  Modes Generator Busbar Number 1 2 3 
-0.0521 + 9.1547i -0.0497 0.7964 -0.2185 
-1.0898 + 13.1915i -0.2748 0.0196 0.6165 
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6.1.2 Stabilizer Design 
Once the optimal location for placing PSS is known, the differential evolution is 
employed to optimize the controller gains and time constant of the power system 
stabilizers. Table 6.2, indicates the optimal values of controller gains and the time 
constants for single input type PSS (IEEEST) and multi-input type PSS (IEE2ST) 
integrated with PMUs’ where the time constants are in seconds.  
 
Table  6.2: Optimal PSS Controller Gains for 3-Machine 9-Bus system 
Constants IEEEST PSS IEE2ST PSS G2 G3 G2 G3 
K1 
K2 
T1 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 
T10 
14.871 
- 
0.298 
0.05 
0.406 
0.05 
5 
5 
- 
- 
- 
- 
5.212 
- 
0.631 
0.05 
0.629 
0.05 
5 
5 
- 
- 
- 
- 
50.43 
0.05 
0.049 
0.05 
10 
10 
0.25 
0.05 
0.313 
0.05 
0.0 
0.001 
30. 27 
0.05 
0.047 
0.05 
10 
10 
0.514 
0.05 
0.25 
0.05 
0.0 
0.001 
6.1.3 Eigenvalue Analysis 
Once the stabilizer parameter are known, case-1 is tested under 3 different conditions 
for computing system eigenvalues without PSS, with IEEEST type PSS and with the 
proposed PMU integrated dual-input IEE2ST type PSS controllers, given in Tables 6.3. 
The bold rows of these tables represent the electromechanical mode eigenvalue. It is 
evident that, using the proposed coordinated stabilizers design, the electromechanical 
mode eigenvalue is greatly shifted to the left of the s-plane. Hence, it can be concluded 
that it considerably enhances the system stability. 
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Table  6.3: Three-machine nine-bus system eigenvalues for without PSS, IEEEST PSS and IEE2ST PSS 
No Control  IEEEST IEE2ST  
-0.0521 + 9.1547i 
-1.0898 + 13.1915i 
-12.3690 + 23.5035i 
-23.2068 + 18.4090i 
-29.0511  
-19.2370  
-0.0904 
0.0001  
-- 
-- 
-- 
-- 
-1.2698 + 11.6134i 
-2.3340 + 1.6948i 
-24.0237 + 14.9438i 
-18.1694 + 30.2023i 
-8.3640 + 21.37619i 
-4.8998 + 9.4526i 
-106.7382 
-2.2214 
-0.6688 
-0.2014 
-0.0273 
-0.0006 
 
-1.8025 + 2.0920i 
-3.6029 + 9.9730i 
-24.0197 + 14.95488i 
-18.1959 + 30.1626i 
-7.07457 + 17.6017i 
-4.2885 + 16.0329i 
-106.7387 
-2.2172 
-1.5315 
-0.8733 
-0.2016 
-0.0184 
  
 
6.1.4 Simulation Results for Test Case 1 
In this case 3-phase 6-cycle fault is applied to verify the proposed IEE2ST integrated 
with PMU for damping inter-area oscillations. First, the system is examined with no PSS 
connected and the system responses are monitored. The system is found to be unstable 
and the oscillations continue for long period of time. In case two, single input type PSS 
(IEEEST), using rotor speed as local input signal, installed on generator 2, and generator 
3 as computed from the optimal placement of PSS. It is observed that the oscillations are 
damped efficiently. In third case, generator 2 and generator 3 are optimally equipped with 
dual-input type PSS (IEE2ST) integrated with PMUs’, where Pe is used as a local signal 
and w as a remote signal. This remote signal is provided by PMUs in synchronism with 
GPS clock, with optimized tuned parameters of PSS, the proposed controller is capable to 
provide good damping to the system. 
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Simulation results shows the performance for each case as discussed before, for no 
PSS, for IEEEST type PSS and for proposed IEE2ST type PSS. For a 3-phase 6-cycle 
fault on bus 7, the  response of rotor speed of generator 1, 2 and 3 for each case are shown 
in Figs. 6.2-6.4 respectively. Without control, oscillations takes longer time to damp, with 
IEEEST control; rotor speed also increases but settles in about 4 seconds. However, it is 
evident that with proposed scheme, rotor speed effectively damped within 2 seconds. This 
is the fact that proposed wide-area damping controller can quickly damp local as well as 
inter-area modes. 
 
 With the three-phase line to ground fault, for 100msec. It is considered that the 
generator 1 is a reference one, with rotor angle zero. The variation in rotor angle for 
generator 2 and 3 is presented in Fig. 6.5 and Fig. 6.6. The IEEEST controller restores the 
operating condition within 6 seconds. However, the proposed IEE2ST controller provides 
good damping to generator rotor angle and so the transient’s oscillations have been 
effectively suppressed within 3 seconds. The responses of the real power of all three 
generators under the 6-cycle fault are shown in Figs. 6.7-6.9. Without control the peak 
values reaches 500MW, and continue to oscillate over the period of time. With IEEEST 
controller, it settles down in 4 seconds with peak value of 400MW. However, with 
proposed IEE2ST controller, it is observed that it takes less time of 1.5sec and less 
overshoots to reach steady state value. From simulation results it is concluded that 
IEE2ST having input signal w from remote locations provides high level of damping with 
minimum transients to inter-area oscillations as compared with IEEEST. The proposed 
dual-input IEE2ST stabilizer outperforms the conventional IEEEST in terms of reduction 
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of overshoot and settling time of low frequency inter-area oscillations. 
 
Figure  6.2:  Simulated response of rotor speed at generator-1 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
Figure  6.3:  Simulated response of rotor speed at generator-2 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.4:  Simulated response of rotor speed at generator-3 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
Figure  6.5: Simulated response of rotor angle at generator-2 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.6: Simulated response of rotor angle at generator-3 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
Figure  6.7:  Simulated response of real power at generator-1 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.8:  Simulated response of real power at generator-2 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
Figure  6.9:  Simulated response of real power at generator-3 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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6.1.5 RTDS Results for Test Case 1 
The power system test model is built on RSCAD, the graphical user interface, consist 
of vast library of all modern components of power system. The test model is then 
simulated on high speed real-time digital simulator RTDS. The 3-Machine 9-Bus system  
is built on the simulator as shown in Fig. 6.10, the complete system data is available in 
[111]. First the test system is simulated for the case when no PSS connected to the 
system, and all the critical states are monitored in real-time. Second, the IEESET type 
PSS is used to damp out the oscillations. Third, the PMU is installed to collect the remote 
signal from distant generator in synchronism with the GPS signal. This remote signal is 
sent to the IEE2ST type multi input PSS. Literature review shows that PSS equipped with 
both local and remote signal, effectively damp out the inter-area oscillations. 
 
A three-phase six-cycle fault occurred on bus 7 of the 3-Machine 9-Bus system. The 
voltage response on bus 7 is shown in Fig. 6. 11, where all the phases become zero for the 
duration of fault and afterwards they are trying to stabilize over the time. The 
experimental response of the rotor speed under three-phase six-cycle fault for all the three 
generator for without PSS, with IEEEST and with proposed multi input IEE2ST damping 
controller integrated with PMU are shown in Fig. 6.12-6.14. From graphs, the major 
affected generators are the same as those recommended for installing PSS by optimal 
placements of PSS in Table 6.1.  
54 
 
 
Figure  6.10:   RTDS model of three-machine nine-bus system 
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     In Fig. 6.12-6.14, with no controller, the oscillations are increasing with the passage of 
time, with IEEEST controller, the oscillations settles in 5 seconds. However, proposed 
IEE2ST controller quickly damps the transients with less overshoots within 5 seconds. 
The rotor angle responses are presented in Fig. 6.15 - 6.17, without controller, the rotor 
angle is not damped even in 15 sec, with IEEEST control it restores the system to its 
nominal operating condition in 6 sec, and with the proposed IEE2ST controller using 
wide are measurements quickly damp within 5 sec. The responses of real power of all 
three generators are shown in Figs. 6.18-6.20. With no control the oscillations damps 
afterr a long period of time, IEEEST controller bring the system to steady state in 4 
seconds. IEE2ST controller provides good damping to the generator power so transient 
oscillation efficiently suppressed within 3 seconds.  
 
The responses of terminal voltages for all three generators are shown in Fig. 6.21-6.23. 
Generator 2 is near to the fault location; its voltage is more affected with peak values 
1.05pu and 0.7pu. With no controller, the oscillations are increasing with the passage of 
time, with IEEEST controller, the oscillations settles down in 5 seconds. However, 
proposed IEE2ST controller quickly damps the transients with less overshoots of 0.8pu 
within 4 seconds.  From simulation results it is concluded that IEE2ST having input 
signal w from remote locations can effectively damp inter-area oscillations as compared 
to conventional IEEEST PSS. The proposed multi input IEE2ST stabilizer outperforms 
the conventional IEEEST in terms of reduction of overshoot and settling time of low 
frequency inter-area oscillations. 
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           Figure  6.11:  RTDS response of three-phase six-cycle fault on three-machine nine-bus system  
 
 
 
Figure  6.12:  RTDS response of rotor speed at generator-1 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.13:  RTDS response of rotor speed at generator-2 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.14:  RTDS response of rotor speed at generator-3 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.15:  RTDS response of rotor angle at generator-1 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
Figure  6.16:  RTDS response of rotor angle at generator-2 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.17:  RTDS response of rotor angle at generator-3 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
Figure  6.18:  RTDS response of real power at generator-1 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.19:  RTDS response of real power at generator-2 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
Figure  6.20:  RTDS response of real power at generator-3 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.21:  RTDS response of terminal voltage at generator-1 under three-phase six-cycle fault at 
t=0sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.22:  RTDS response of terminal voltage at generator-2 under three-phase six-cycle fault at 
t=0sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.23:  RTDS response of terminal voltage at generator-3 under three-phase six-cycle fault at 
t=0sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
6.1.6 Comparison of Simulated and RTDS results for test case 1 
Comparing the simulated and RTDS results it is clear that response of both are 
approximately same following the same pattern. The simulated results of rotor angle and 
real power are very much near to simulated and RTDS results. But the RTDS result takes 
a little longer time, 0.5sec to 1sec. This is due to the fact that the RTDS is a practical 
application considering all environmental effects like temperature, electromagnetic field 
produced by the transmission lines, and even the sub-transient reactances and time 
constants for generators.  RTDS also took some processing time for every block used. 
While in Matlab all the above parameter are usually not considered. Comparing the 
results with the recent literature using IEEEST PSS structure on 3-machine 9-Bus system 
under three-phase six-cycle fault, it is found that the proposed approach quickly damps 
the oscillations with less overshoot within 2 sec.  However, in [112–114] it took around 
2.5 sec to 4 sec in bringing the system to steady state. 
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6.2 Test Case 2: 5-Machine 14-Bus system 
 
5-Machine 14-Bus system as shown in Fig. 6.24 is used to test the system response on 
three different cases for low frequency inter-area oscillations. First, when no PSS is 
connected to the test system. Second, when the system is connected with IEEEST type 
PSS. Third, when system is connected with IEE2ST type PSS integrated with PMUs.  
 
Figure  6.24: A detailed 5-Machine 14-Bus test system 
 
6.2.1 Optimal placement of PSS  
Optimal placement of PSS is done with eigenvalue based participation factor. Table 
6.4, indicates the electromechanical modes against the generator locations of the system 
which causes low frequency inter-area oscillations. The generators those are more 
affecting the electromechanical modes are highlighted in Table 6.4. It is obvious that 
generator 1 and generator 2 have more contribution in creating inter-area oscillations so 
PSS should be installed on these optimal locations for best performance with economical 
use of PSSs.  
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Table  6.4: Optimal Location Identification for PSS Installation 
Electromechanical      
Modes 
Generator Busbar Number 
1 2 3 4 5 
0.1326 + 5.0194i -0.0005 0.7964 -0.0005 0.3585 -0.0005 
0.0084 + 9.5269i 0.8783 0.0196 0.0009 0.0271 0.4746 
-0.4155 +14.7843i 0.0398 0 0.0041 0.5241 0.0467 
-0.8135 +16.9739i 0.1869 0.0004 0.3881 0 0.0014 
 
6.2.2 Stabilizer Design 
Once the optimal location for placing PSS is known, the differential evolution is used 
to optimize the gains and time constant of the power system stabilizers. Table 6.5, 
indicates the optimal controller gains and the time constants for single input type PSS 
(IEEEST) and multi-input type PSS (IEE2ST) integrated with PMUs’.  
 
Table  6.5: Optimal PSS Controller Gains for 5-Machine 14-Bus system 
 IEEEST PSS IEE2ST PSS 
 G1 G2 G1 G2 
K1 
K2 
T1 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 
T10 
39.371 
- 
0.298 
0.05 
0.802 
0.05 
10 
10 
- 
- 
- 
- 
5.212 
- 
0.919 
0.05 
0.874 
0.05 
10 
10 
- 
- 
- 
- 
82.235 
0.05 
0.049 
0.05 
10 
10 
0.211 
0.05 
0.322 
0.05 
0.0 
0.001 
20.12 
0.05 
0.049 
0.05 
10 
10 
0.981 
0.05 
0.791 
0.05 
0.0 
0.001 
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6.2.3 Eigenvalue Analysis 
The system eigenvalues without PSS, IEEEST type PSS and with the proposed PMU 
integrated multi input IEE2ST type PSS controllers are given in Table 6.6. The bold rows 
of this table represent the electromechanical mode eigenvalue. It is evident that, using the 
proposed coordinated stabilizer design, the electromechanical mode eigenvalue is greatly 
shifted to the left of the s-plane. Hence, it can be concluded that it considerably enhances 
the system stability. 
 
Table  6.6: 5-machine 14-bus system eigenvalues for without PSS, IEEEST PSS and IEE2ST PSS 
No Control IEEEST  IEE2ST  
0.1326 + 5.0194i 
0.0084 + 9.5269i 
-0.4155 +14.7843i 
-0.8135 +16.9739i 
-25.0506 +26.2149i 
-25.1034 +13.7743i 
-10.4524 +28.6219i 
-42.2282 
-40.9692 
-8.3796 
-7.7889 
-0.0106 
 
0.001 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-0.6665 + 10.3275i 
-0.8141 + 16.9737i 
-1.4018 + 0.5070i 
-1.4082 + 3.2469i 
-26.6518 + 28.3641i 
-22.957 + 13.6536i 
-10.2260 + 9.7065i 
-2.9054 + 29.32761i 
-1.4314 + 18.9210i 
-56.0228 
-40.9690 
-16.2192 
-8.3797 
-3.3219 
-0.1008 
-0. 05 
-20 
-20 
-0.1 
-20 
-20 
-0.1 
-20 
-20 
-0.1 
-0.04 
 
-0.5268 + 10.3253i 
-0.8146 + 16.9735i 
-0.8992 + 17.5645i 
-1.3913 + 3.083761i 
-26.4844 + 27.6586i 
-23.1359 + 13.9781i 
-12.2738 + 7.3983i 
-1.6263 + 30.0716i 
-1.5725 + 0.6287i 
-53.2949 
-40.969 
-18.1534 
-8.3797 
-3.5925 
-0.1009 
-.0102 
-20 
-20 
-0.1 
-20 
-20 
-0.1 
-20 
-20 
-0.1 
-0.03 
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6.2.4 Simulation Results for Test Case 2 
In first case, 3-phase 6-cycle fault is applied to the test system with no PSS connected 
and monitor the system responses. The system is found to be unstable and the oscillations 
continue for system break down. In case two, single input type PSS (IEEEST), using rotor 
speed as a local input signal, installed on generator 1 and generator 2. Selection of these 
generators is based on Table 6.4 It is observed that the oscillations are damped efficiently. 
In third case, generator 2 and generator 3 are equipped with multi-input type PSS 
(IEE2ST) integrated with PMUs’, where Pe is used as a local signal and w as a remote 
signal. This remote signal is provided by PMUs in synchronism with GPS clock.  
 
Simulation results shows the performance for each case as discussed before, for no 
PSS, for IEEEST type PSS and for the proposed IEE2ST type PSS. For a 3-phase 6-cycle 
fault, response of rotor speed of all five generators, for each case is shown in Figs. 6.25-
6.29 where low frequency inter-area oscillations of 0.66 Hz can be clearly observed. 
Without control, oscillations grow with the passage of time, with IEEEST control; rotor 
speed also increases but settles in about 4 seconds. However, it is evident that with 
proposed scheme, rotor speed effectively damped within 2 seconds. This is the fact that 
proposed wide-area damping controller can quickly damp local as well as inter-area 
modes. With the three-phase line to ground fault, for 100msec. It is considered that the 
generator is a reference one, with rotor angle zero. The variation in rotor angle for all 
generator are presented in Fig. 6.30-6.33. The IEEEST controller restores the operating 
condition within 5 seconds. However, the proposed IEE2ST controller provides good 
damping to generator rotor angle and so the transient’s oscillations have been effectively 
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suppressed within 3 seconds. The responses of the real power of all five generators under 
the 6-cycle fault are shown in Figs. 6.34-6.38. Without control the peak values reaches 
120 MW, and continue to oscillate over the period of time. With IEEEST controller, is 
settles down in 4 second with peak value of 80MW. However, with proposed IEE2ST 
controller, it is observed that it takes less time of 2.5sec and less overshoots to reach 
steady state value.  
 
From simulation results it is concluded that IEE2ST having input signal w from remote 
locations provides high level of damping with minimum transients to inter-area 
oscillations as compared to IEEEST. The proposed multi input IEE2ST stabilizer 
outperforms the conventional IEEEST in terms of reduction of overshoot and settling 
time of low frequency inter-area oscillations. 
 
Figure  6.25:  Simulated response of rotor speed at generator-1 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.26:  Simulated response of rotor speed at generator-2 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.27:  Simulated response of rotor speed at generator-3 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.28:  Simulated response of rotor speed at generator-4 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.29:  Simulated response of rotor speed at generator-5 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.30:  Simulated response of rotor angle at generator-2 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.31:  Simulated response of rotor angle at generator-3 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.32:  Simulated response of rotor angle at generator-4 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.33:  Simulated response of rotor angle at generator-5 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
0 1 2 3 4 5
0.4
0.5
0.6
0.7
0.8
0.9
1
Generator-4  Rotor Angle
Time (sec)
R
ot
or
 A
ng
le
 (D
eg
re
e)
 
 
Without PSS
IEEEST PSS
IEE2ST PSS
0 1 2 3 4 5
0.35
0.4
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
Generator-5  Rotor Angle
Time (sec)
R
ot
or
 A
ng
le
 (D
eg
re
e)
 
 
Without PSS
IEEEST PSS
IEE2ST PSS
72 
 
 
Figure  6.34:  Simulated response of real power at generator-1 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.35:  Simulated response of real power at generator-2 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.36:  Simulated response of real power at generator-3 under three-phase six-cycle fault at 
t=0.5sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
Figure  6.37: Simulated response of real power at generator-4 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
0 1 2 3 4 5
40
60
80
100
120
140
160
180
Generator-3  Real Power
Time (sec)
R
ea
l P
ow
er
 (M
W
)
 
 
Without PSS
IEEEST PSS
IEE2ST PSS
0 1 2 3 4 5
0
20
40
60
80
100
120
140
Generator-4  Real Power
Time (sec)
R
ea
l P
ow
er
 (M
W
)
 
 
Without PSS
IEEEST PSS
IEE2ST PSS
74 
 
 
Figure  6.38: Simulated response of real power at generator-5 under three-phase six-cycle fault at t=0.5sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
6.2.5 RTDS Results for Test Case 2 
The 5-Machine 14-Bus system is built on the RSCAD as shown in Fig. 6.39. The 
complete system data is available in the Appendix C. Where generator 2 is located on the 
left with a long transmission line. This case is considered to deeply focus on two area 
power system. Two area network is of high interest for testing weakly damped inter-area 
oscillations. First the test system is simulated for the case when no PSS connected to the 
system, and all the critical states are monitored in real-time. Second, the IEESET type 
PSS is used to damp out the oscillations. Third, the PMU is installed to collect the remote 
signal from distant generator in synchronism with the GPS signal. This remote signal is 
sent to the IEE2ST type multi input PSS. Literature review shows that PSS equipped with 
both local and remote signals, effectively damp out the inter-area oscillations. 
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Figure  6.39:  RTDS Model for 5-Machine 14-Bus system
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    A three-phase six-cycle fault occurred on bus 7 of the 5-Machine 14-Bus system. The 
voltage response on Bus 7 is shown in Fig. 6.40, where all of the phases become zero for 
the duration of fault and then trying to stabilize over the time. 
 
 
Figure  6.40: RTDS response of three-phase six-cycle fault on five-machine fourteen-bus system  
 
 
The RTDS response of the rotor speed under three-phase six-cycle fault (100msec) for 
all five generator for without PSS, with IEEEST and with proposed multi input IEE2ST 
damping controller integrated with PMU are shown in Fig. 6.41-6.45. Since the fault is 
near to generator 2 it is affected most with the peak value 379.5 rad/sec. Inter-area 
oscillations of 0.58Hz are observed in Fig. 6.41-6.45. From graphs, the major affected 
generators are the same as those recommended for installing PSS by optimal placements 
of PSS in Table 6.4. Since generator 1 is the dominant generator among the group of 
generator 1,3,4 and 5 therefore, generator 3,4 and 5 follows the same pattern of 
oscillations. With no controller, the oscillations are increasing with the passage of time, 
With IEEEST controller, the oscillations settles in 6 seconds. However, proposed IEE2ST 
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controller quickly damp the transients with less overshoots within 3.5 seconds. These 
responses are very much near to the original system as it is obtained on a modern real-
time digital simulator. The rotor angle responses are presented in Fig. 6.46-6.50, without 
controller the rotor angle is not damped even in 20 sec, with IEEEST control it restores 
the system to its nominal operating condition in  8 sec, and with the proposed IEE2ST 
controller using wide are measurements quickly damp within 4 sec. The responses of real 
power of all three generators are shown in Figs. 6.51-6.55. with no control the 
oscillations continues over a long period of time, IEEEST controller bring the system to 
steady state in 3sec. IEE2ST controller, provides good damping to the generator power so 
transient oscillation efficiently suppressed within 2 sec.  
 
The responses of terminal voltages for all five generators are shown in Fig. 6.56-6.60. 
Generator 2 takes higher time for stabilizing its voltage with peak values of 1.1pu and 
0.85pu. With no controller, the oscillations are increasing with the passage of time, With 
IEEEST controller, the oscillations settles down in 8 seconds. However, proposed 
IEE2ST controller quickly damps the transients with less overshoots within 6 seconds.  
 
From simulation results it is concluded that IEE2ST having input signal w from 
remote locations can effectively damp inter-area oscillations as compared to IEEEST. 
The proposed multi input IEE2ST stabilizer outperforms the conventional IEEEST in 
terms of reduction of overshoot and settling time of low frequency inter-area oscillations. 
78 
 
 
Figure  6.41:  RTDS response of rotor speed at generator-1 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.42:  RTDS response of rotor speed at generator-2 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.43: RTDS response of rotor speed at generator-3 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.44:  RTDS response of rotor speed at generator-4 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.45:  RTDS response of rotor speed at generator-5 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.46:  RTDS response of rotor angle at generator-1 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.47:  RTDS response of rotor angle at generator-2 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.48:  RTDS response of rotor angle at generator-3 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.49: RTDS response of rotor angle at generator-4 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.50: RTDS response of rotor angle at generator-5 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
83 
 
 
Figure  6.51:  RTDS response of real power at generator-1 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.52: RTDS response of real power at generator-2 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.53:  RTDS response of real power at generator-3 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
 
Figure  6.54:  RTDS response of real power at generator-4 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.55:  RTDS response of real power at generator-5 under three-phase six-cycle fault at t=0sec (a) 
Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
Figure  6.56:  RTDS response of terminal voltage at generator-1 under three-phase six-cycle fault at 
t=0sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.57: RTDS response of terminal voltage at generator-2 under three-phase six-cycle fault at t=0sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
Figure  6.58: RTDS response of terminal voltage at generator-3 under three-phase six-cycle fault at t=0sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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Figure  6.59: RTDS response of terminal voltage at generator-4 under three-phase six-cycle fault at t=0sec 
(a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
 
 
 
 
Figure  6.60:  RTDS response of terminal voltage at generator-5 under three-phase six-cycle fault at 
t=0sec (a) Without PSS (b)With IEEEST type single input PSS and (c) With IEE2ST type multi-input PSS 
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6.2.6 Comparison of Simulated and RTDS results for test case 2 
Comparing simulated and RTDS results it obvious that the responses are following the 
same pattern. The simulated results of rotor speed, rotor angle and real power are very 
much near to simulated and RTDS results. The voltage curves are within the limits of 5% 
regulation. However, RTDS result takes relatively more time, about 0.5sec to 1sec. This 
is because, RTDS is a real-time practical application, it considers the environmental 
effects like temperature and electromagnetic field produced by the transmission lines, 
transformers etc. and the sub-transient reactances and time constants for generators.  
RTDS works on higher order model of power system. Also it took some processing time 
for every block used. While in Matlab all the above parameter are usually not considered.   
 
6.3 Development of Backup Damping Controller 
To make the proposed model very near to the real scenario, A supervisory control 
backup is also considered as a backup protection for the proposed system. A worst 
scenario is considered with a three-phase 30-cycles fault, without any protection and 
damping control. The system oscillations start increasing and going towards the system 
collapse. Then there should be some backup loop for supervisory control.  
 
In real system, the generator isolation relays activated if frequency goes beyond        
60Hz + 2.5Hz (or 360~392 radians per second). So the proposed backup control is 
designed to be activated before generators are isolated, i.e. 61.5Hz (or 385 radians per 
second). Based on the frequency sensitivity of the system, the backup control is 
developed such that whenever the rotor speed crosses 61.5Hz or 385 rad/sec, braking 
resistor will come into action and start damping the oscillations, and protect the system 
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from total collapse.   
 
This scenario is shown in graphical form, where Fig. 6.61 represents the rotor speed of 
the 3-machine 9-bus system under the said fault conditions without any protection and 
damping control. The rotor speed transients for generator 2 and 3 reaches 395 and 408 
rad/sec respectively, within 2 seconds. Fig 6.62 represents the supervisory controlled 
system, keeping the rotor speed of 3-machine 9-bus system in a safe region avoiding 
system collapse due to 30-cyle three-phase fault. A braking resistor of 10% rated power 
of overall system, 56 mega-joules is installed near to the tie line at Bus 7. The total 
amount of energy taken up by the brake is not large, only for the transients, but it is 
enough to slow the generator so that the normal turbine/governor and excitation controls 
can take effect. And the rotor speed transients for generator 2 and 3 are with a peak value 
of 385 and 388 rad/sec within 1.2 seconds.  Fig. 6.63 represents the switching action of 
braking resistor such that if the transients go beyond a preset limit of 385 radian/sec it 
will activate the braking resistor keeping the system in a safe region.  Results show that 
backup supervisory control, significantly damps the transients, maintaining system 
stability without generators isolation.  
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Figure  6.61:  Rotor speed response of 3-Machine 9-Bus system for three-phase 30-cycle fault at t=0sec 
without supervisory control  (a) Generator 1 (b) Generator 2  and (c) Generator 3  
 
 
 
Figure  6.62:  Rotor speed response of 3-Machine 9-Bus system for three-phase 30-cycle fault at t=0sec 
with supervisory control (a) Generator 1 (b) Generator 2  and (c) Generator 3 
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Figure  6.63:  Braking resistor control response of 3-Machine 9-Bus system for three-phase 30-cycle fault 
at t=0sec with supervisory control 
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CHAPTER 7                                                                            
CONCLUSION AND FUTURE WORK 
 
 
7.1 Conclusion 
 
Power system stability enhancement through wide area measurements is presented in 
this thesis. Low frequency inter-area oscillations are of main concern for wide area power 
system. System stability can be enhanced by using modern type of PSS controllers 
integrated with PMUs. IEE2ST PSS controller is used in combination with PMUs to 
damp out inter-area modes. A supervisory control strategy, as a backup protection, is 
developed for the designed system. The proposed system is designed, tested and validated 
on RTDS. 
 
Single input IEEEST and multi input IEE2ST type PSS integrated with PMU are used 
to damp the inter-area oscillations. IEEEST type PSS input signal is limited to local 
measurements. However, IEE2ST type PSS integrated with PMU is based on local as 
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well as remote signals, providing greater visibility over a larger area of the network to 
efficiently damp the inter-area modes. For this purpose two multi machine power systems 
have been considered. Following is the summary of this thesis: 
 
• Dual-input PSSs integrated with PMUs are used to damp out inter-area 
oscillations to a wide extent. 
• PSSs are optimally placed by using participation factor for efficient damping  
and economic point of view. 
• Gains and time constants of PSSs are optimized using differential evolution 
due to its simplicity and fast convergence. 
•   Eigenvalue analysis is performed regarding the stability characteristics of the 
system. 
• Supervisory backup damping controller is considered as a backup protection 
using braking resistor.  
• Experimental setup is build-up on RSCAD for real-time digital simulations.  
• Simulations are carried out on Matlab and then compared with RTDS results it 
is observed that both follows the same pattern.  
• Comparing local and wide-area PSSs, it has been clearly shown that the 
coordinated design of IEE2ST PSSs integrated with PMU outperforms the 
individual design of these stabilizers. 
 
This work is a contribution in power system stability enhancement through 
wide area measurements that had not been previously addressed. The proposed 
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inter area IEE2ST PSS integrated with PMU constitute a systematic and 
powerful approach to simultaneously improve the inter area oscillations 
damping and achieve uninterrupted power flow on long tie lines.  
 
7.2 Future Work 
There are several issues that are still to be addressed in the thesis subject: 
 
• The successful implementation of the proposed approach is carried out on the 
test system. It is considered to be worth mentioning to implement this work on 
real-life systems e.g. Saudi grid and GCC grid to validate this research. 
• FACTS installed on the substations are playing an important role in stability of 
power system. It is worth to investigate the PMUs integrated with FACTS 
devices to enhance the system stability. 
• In this work latency of communication of PMU that can affect the efficiency of 
stabilizer that has been neglected. Therefore, communication time delay and 
data loss should be explored. 
• We have developed supervisory control for high frequency oscillations, under 
low frequency conditions; priority load shedding should be investigated. 
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APPENDICES 
Appendix A  :   GENERATOR DATA AND LINEARIZATION 
 
A.1 3-Machine 9-Bus System Data 
The generator and exciter data of the three-machine nine-bus power system is shown 
in Table A.1: 
 
Table A. 1:  3-Machine 9-Bus System Generator and exciter data 
Generator 1 2 3 
H (sec) 
D 
xd (pu) 
x'd (pu) 
xq (pu) 
Tdo' (sec) 
KA 
TA (sec) 
23.64 
0.0 
0.146 
0.0608 
0.0969 
8.96 
100 
0.05 
6.40 
0.0 
0.8958 
0.1198 
0.1969 
6.00 
100 
0.05 
3.01 
0.0 
1.3125 
0.1813 
0.25 
5.89 
100 
0.05S 
 
 
 
 
 
 
96 
 
A.2 5-Machine 14-Bus System Data 
The generator and exciter data of the five-machine fourteen-bus power system is 
shown in Table A.2: 
Table A. 2:   5-Machine 14-Bus System Generator Data 
Generator 1 2,4 3,5 
MW 247.5 192 128 
KV 16.5 18 13.8 
H  23.64 6.4 3 
D 0.25 0.12 0.23 
xd (pu) 0.146 0.896 1.31 
x'd (pu) 0.061 0.12 0.18 
xq (pu) 0.097 0.197 1.26 
Tdo' 8.96 6 5.89 
KA 200 200 200 
TA 0.02 0.05 0.02 
xa(pu) 0.083 0.1 0.74 
xq'(pu) 0.23 0.197 0.25 
Ra(pu) 0.002 0.002 0 
Tqo' 0.002 0.535 0.6 
 
A.3 SMIB Initial Conditions Calculation 
 
In SMIB the d-q axis voltages can be written as, 
 t d qV V jV= +  (A. 1) 
 d qi i ji= +  (A. 2) 
 
The torque angle δ  is defined as shown in Phasor diagram. Hence,  
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 (sin cos )d qV V jV V jδ δ∞ ∞ ∞ ∞= + = +  (A. 3) 
 '( , )qe Vδ ∞= ∠  (A. 4) 
For convenience, the following constants and parameters are introduced.  
 
 1 21 ZY C jC+ = +  (A. 5) 
 1 1C RG XB= + −  (A. 6) 
 2C RB XG= +  (A. 7) 
 1 2 'dR R C X= −  (A. 8) 
 2 2 qR R C X= −  (A. 9) 
 1 1 qX X C X= +  (A. 10) 
 2 1 'dX X C X= +  (A. 11) 
 2 1 2 1 2eqZ R R X X= +  (A. 12) 
 
 1 1 2 22d
eq
C X C RY
Z
−
=  (A. 13) 
 1 1 2 22q
eq
C R C XY
Z
+
=  (A. 14) 
From the system shown in the  Fig. 3.3 ,
  
 tt
V Vi YV
Z
∞−= +  (A. 15) 
 (1 ) tZi ZY V V∞= + −  (A. 16) 
Separating the last equation into real and imaginary parts, the results can be written in 
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matrix form as 
 1 2
2 1
sin
cos
d d
q q
i VC CR X
V
i VC CX R
δ
δ∞
−   −     
= −       
         
(A. 17) 
  
A.4 Linearization of constants K1 to K6 
 e d d q qP V i V i= +  (A. 18) 
 d q qV i X=  (A. 19) 
 ' 'q q d dV e X i= −  (A. 20) 
 1 2
2 1
sin
cos
d d
q q
i VC CR X
V
i VC CX R
δ
δ∞
−   −     
= −       
       
 (A. 21) 
 
0 0
'
' 0 1
d dq
q
q qd
V iX
e
V iX
      
= +      
     
 (A. 22) 
 1 2
2 1
0 0 sin
'
' 0 1 cos
d dq
q
q qd
i iXC CR X
e V
i iXC CX R
δ
δ∞
 −   −         = + −           
             
 (A. 23) 
Now,
  
 2 1 2
1 2 1
' sin
'
' cos
d q d
q
d q q
R C X X C X i C
e V
X C X R C X i C
δ
δ∞
− − − −       
= −       + −      
 (A. 24) 
 2 12
2 1
sin
'
cos
d d
q
q q eq
i Y R XVe
i Y X RZ
δ
δ
∞
       
= −       −      
 (A. 25) 
 2 12
2 1
sin( )
'
cos( )
d d
q
q q eq
i Y R XVe
i Y X RZ
δ δ
δ δ
∞
∆    + ∆   
= ∆ −       ∆ − + ∆     
 (A. 26) 
Linearize, 
Since δ∆  is very small 
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sin( ) sin cos
cos( ) cos sin
δ δ δ δ δ
δ δ δ δ δ
+ ∆ = + ∆
 + ∆ = −∆
 (A. 27) 
 
sin 0
cos 1
δ δ
δ
∆ ∆
 ∆
 

 (A. 28) 
So, 
 2 1
2 1
sin cos
'
cos sin
d d
q
q q eq
i Y R XVe
i Y X RZ
δ δ δ
δ δ δ
∞
∆    + ∆   
= ∆ −       ∆ − −∆     
 (A. 29) 
 
 2 1
2 1
(sin cos ) (cos sin )
'
(sin cos ) (cos sin )
d d
q
q q eq
i Y R XVe
i Y X RZ
δ δ δ δ δ δ
δ δ δ δ δ δ
∞
∆ + ∆ −∆     
= ∆ −     ∆ − + ∆ −∆    
 (A. 30) 
 'd d dq
q q q
i Y F
e
i Y F
δ
∆     
= ∆ + ∆     ∆     
 (A. 31) 
Where, 
 1 1 2 22d
eq
C X C RY
Z
−
=  (A. 32) 
 1 1 2 22q
eq
C R C XY
Z
+
=  (A. 33) 
 1 0 2 02 ( sin cos )d
eq
VF X R
Z
δ δ∞= −  (A. 34) 
 1 0 2 02 ( sin cos )q
eq
VF R X
Z
δ δ∞= +  (A. 35) 
 02 12
02 1
cos
sin
d
q eq
F R XV
F X RZ
δ
δ
∞
−    
=    
    
 (A. 36) 
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Derivation of K1 and K2 (Electrical Torque) 
P VI=  (A. 37) 
 e e d d q qT P V I V i V i= = ⋅ = +  (A. 38) 
 
' '
e d d q q
d q q
q q d d
P V i V i
V i X
V e X i
 = +

=
 = −
 (A. 39) 
 ( ) ( ' ' )e q q d q d d qT i X i e X i i= + −  (A. 40) 
 ' 'e q q d q q d d qT i X i e i X i i= + −  (A. 41) 
 ' ( ' )e q q q d q dT e i X X i i= + −  (A. 42) 
Linerizing, 
 ' ' ( ' ) ( ' )e q q q q q d q d q d q dT e i e i X X i i X X i i∆ = ∆ + ∆ + − ∆ + − ∆  (A. 43) 
 
'
'
'
d d q dd d d
q
q q q q q q q
i Y e Fi Y F
e
i Y F i Y e F
δ
δ
δ
∆ = ∆ + ∆ ∆      = ∆ + ∆ →      ∆ ∆ = ∆ + ∆      
 (A. 44) 
 
' ' ( ' ) ( ' ) ( ' )e q q q d q q q d q q q dT e i e Y e F X X Y e F iδ δ∆ = ∆ + ∆ + ∆ + − ∆ + ∆
( ' ) ( ' )q d q d q dX X i Y e F δ+ − ∆ + ∆  
(A. 45) 
 
' [ ' ( ' ) ( ' ) ]e q q q d q d d q q d q dT e i e Y X X i Y X X i Y∆ = ∆ + + − + −
[ ' ( ' ) ( ' ) ]q q q d d q q d q de F X X i F X X i Fδ+ ∆ + − + −  
(A. 46) 
 1
2
0 ( ' )
'
' ( ' )
d q q d q
q
q d q q q d d
F F X X iK
e
i Y Y e X X iK
−      
= +       + −       
 (A. 47) 
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The filed voltage equation is 
Derivation of  K3 and K4 (Electrical Torque) 
 
1' [ ' ( ' ) ]
'q FD q d d ddo
e E e X X i
T
= − − −

 
(A. 48) 
 
This equation can be rewritten as  
  (A. 49) 
 
  Linearize  
 
 ' ' [ ' ( ' ) ]do q FD q d d dT e E e X X i∆ = ∆ −∆ − − ∆

 
(A. 50) 
 ' ' [ ' ( ' ) ]do q FD q d d dT e E e X X i∆ = ∆ −∆ − − ∆

 (A. 51) 
 ' ' [ ' ( ' ) ]do q FD q d d dT se E e X X i∆ = ∆ −∆ − − ∆  (A. 52) 
 'd d q di Y e F δ∴∆ = ∆ + ∆  (A. 53) 
 ' ' ( ' )( ' )do q FD d d d q dT se E X X Y e F δ∆ =∆ − − ∆ + ∆  (A. 54) 
 ' ' ' ( ' ) ' ( ' )q d oq d d d q FD d d de T se X X Y e E X X F δ∆ + ∆ + − ∆ =∆ − − ∆  (A. 55) 
 ' (1 ' ( ' ) ) ( ' )q d o d d d FD d d de T s X X Y E X X F δ∆ + + − =∆ − − ∆  (A. 56) 
 [ ] '' 1 ( ' ) 1 ( ' )
1 ( ' )
do
q d d d FD d d d
d d d
sTe X X Y E X X F
X X Y
δ
 
∆ + − + =∆ − − ∆ + − 
 (A. 57) 
Let, 
' ' [ ' ( ' ) ]do q FD q d d dT e E e X X i= − − −

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 3
1
1 ( ' )d d d
K
X X Y
=
+ −
 (A. 58) 
 4 ( ' )d d dK X X F= −  (A. 59) 
So, 
 [ ]3 4
3
1' 1 'q do FDe sT K E KK
δ∆ + =∆ − ∆  (A. 60) 
 [ ] [ ]3 3 4' 1 'q do FDe sT K K E K δ∆ + = ∆ − ∆  (A. 61) 
 
 
Derivation of K5 and K6 (Terminal Voltages) 
2 2 2
t d qV V V= +  (A. 62) 
Linearize, 
 2 2 2t t d d q qV V V V V V⋅∆ = ⋅∆ + ⋅∆  (A. 63) 
Then, 
 qdt d q
t t
VVV V V
V V
∆∆
∆ = ⋅ + ⋅  (A. 64) 
Now, 
 d q qV i X=  (A. 65) 
 d q qV i X=  (A. 66) 
Linearize, 
 d q qV X i∆ = ∆  (A. 67) 
 ' 'q q d dV e X i= ∆ − ∆  (A. 68) 
Where, 
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'
'
d d q d
q q q q
i Y e F
i Y e F
δ
δ
∆ = ∆ + ∆
∆ = ∆ + ∆
 (A. 69) 
 
So, 
 
' 'q q q d d
t d q
t t
X i e X i
V V V
V V
∆ ∆ − ∆
∆ = ⋅ + ⋅  (A. 70) 
 
( ' ) ' ' ( ' )q q q q q d d q d
t d q
t t
X Y e F e X Y e F
V V V
V V
δ δ∆ + ∆ ∆ − ∆ + ∆
∆ = ⋅ + ⋅  (A. 71) 
 ' ' 'q q qd dt q q d d q q q d d
t t t t t
V V VV VV X F X F e X Y X Y
V V V V V
δ
   
∆ = ∆ − + ∆ + −   
   
 (A. 72) 
 5 6 't qV K K eδ∆ = ∆ + ∆  (A. 73) 
 5 '
qd
q q d d
t t
VVK X F X F
V V
 
= − 
 
 (A. 74) 
 6 '
q qd
q q d d
t t t
V VVK X Y X Y
V V V
 
= + − 
 
 (A. 75) 
 5
6
0 'q d
d q t
q
d q d
qt
t
V
X
F FK V
V
Y YK V XV
V
 
−         = +                 
 (A. 76) 
A.5 State Equations for Linearized SMIB model  
 From Philips Heffron block diagram Fig. 3.2, 
 b
s
ω
δ ω∆ = ∆  (A. 77) 
 bs δ ω ω∆ = ∆  (A. 78) 
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bδ ω ω∆ = ∆

 (A. 79) 
 1 2
1 'qK K eD sM
ω δ   ∆ = − ∆ − ∆  + 
 (A. 80) 
 1 2 'qD sM K K eω ω δ ∆ + ∆ = − ∆ − ∆   (A. 81) 
 1 2 'q
K KD e
M M M
ω δ ω∆ = − ∆ − ∆ − ∆

 (A. 82) 
 5 6 '1
A
fd PSS q
A
KE U K K e
sT
δ
 
 ∆ = − ∆ − ∆   + 
 (A. 83) 
 5 6 'fd fd A A PSS qE s E T K U K K eδ ∆ + ∆ = − ∆ − ∆   (A. 84) 
 5 6
1 'A A Afd fd q PSS
A A A A
K K K K KE E e U
T T T T
δ∆ = − ∆ − ∆ − ∆ +

 (A. 85) 
 3 4
3
'
1 'q fddo
Ke K E
sT K
δ
 
 ∆ = − ∆ + ∆   + 
 (A. 86) 
 3 3 4 3' ' 'q do q fde T K s e K K K Eδ∆ + ∆ = − ∆ + ∆  (A. 87) 
 4
3
1 1' '
' ' 'q fd qdo do do
Ke E e
T T K T
δ∆ = − ∆ + ∆ − ∆

 (A. 88) 
 
For  the  system  with  the  supplementary     excitation    control UPSS, the  system 
equations    may  be written as  
 
PSSX AX BU= +

 (A. 89) 
 
We can write all these equations in a matrix form, 
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1 2
4
3
5 6
0 0 0
0
0
0
1 1 00 '' ' ' '
10
b
PSS
q
q do do do A
fd
A A A
fd
A A A
K KD
M M M
K U
ee T K T T KEK K K K TE
T T T
ω
δ δ
ω ω
 
   ∆    ∆   − − −         ∆ ∆       = +  − −   ∆  ∆       ∆          ∆  − − − 
  




 
(A. 90) 
 
A.6 Multimachine Power System Nonlinear Model 
The multimachine nonlinear model can be described by the following set of 
differential equations[99], in all that follows i=1, 2, …, n:  
 ( 1)i b iδ ω ω
•
= −  (A. 91) 
 ( ( 1)) /i mi ei i i iP P D Mω ω
•
= − − −  (A. 92) 
 ' ' ' '( ( ) ) /qi fdi di di di qi doiE E x x i E T
•
= − − −  (A. 93) 
 ( ( ) ) /fdi Ai refi i PSSi fdi AiE K V v u E T
•
= − + −  (A. 94) 
where,  
 ei di di qi qiP v i v i= +  (A. 95) 
 di qi qiv x i= , ' 'qi qi di div E x i= −  (A. 96) 
 2 2 1/ 2( )i di qiv v v= +  (A. 97) 
Also,  
 I YV=  (A. 98) 
 where, 
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 ( )2( ) i
j
i d qI i ji e
πδ −
= +  (A. 99) 
 ( )2( ) i
j
i d qV v jv e
πδ −
= +  (A. 100) 
 ijjij ijY y e
β=  (A. 101) 
It is worth emphasizing that the capitalized variables I (n x 1), V (n x 1), and Y (n x n) 
represent complex quantities. Using (3.44)-(3.47) as well as (3.42) and (3.43), idi and iqi 
can be expressed as 
 ' '
1
[ ( ) ]
n
di ij qj qj ij qj dj dj ij
j
i y x i C E x i S
=
= − −∑  (A. 102) 
 ' '
1
[ ( ) ]
n
qi ij qj qj ij qj dj dj ij
j
i y x i S E x i C
=
= + −∑  (A. 103) 
where 
 cos( )ij ij j iC β δ δ= + −  (A. 104) 
 sin( )ij ij j iS β δ δ= + −  (A. 105) 
    
A.7 Multimachine System Linearized Model 
Linearizing (3.48) yields   
 'd d d d q d qL i P Q E M iδ∆ = ∆ + ∆ + ∆  (A. 106) 
Where 
 ' '[ ( ) ],dij ij qj qj ij qj dj dj ijP y x i S E x i C j i= − + − ≠  (A. 107) 
 
1
n
dii dij
j
j i
P P
=
≠
= −∑  (A. 108) 
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 , 1, 2,...,dij ij ijQ y S j n= − =  (A. 109) 
 , 1, 2,...,dij ij qj ijM y x C j n= =  (A. 110) 
 ' ,dij ij dj ijL y x S j i= − ≠  (A. 111) 
 '1dij ii di iiL y x S= −  (A. 112) 
Similarly, linearizing (3.49) yields 
 'q q q q q q dL i P Q E M iδ∆ = ∆ + ∆ + ∆  (A. 113) 
where,   
 ' '[ ( ) ],qij ij qj qj ij qj dj dj ijP y x i C E x i S j i= − − ≠  (A. 114) 
 
1
n
qii qij
j
j i
P P
=
≠
= −∑  (A. 115) 
 , 1, 2,...,qij ij ijQ y C j n= =  (A. 116) 
 ' , 1, 2,...,qij ij dj ijM y x C j n= − =  (A. 117) 
 ,qij ij qj ijL y x S j i= − ≠  (A. 118) 
 1qij ii qi iiL y x S= −  (A. 119) 
Solving (3.52) and (3.59) simultaneously give 
 'd d d qi F Y Eδ∆ = ∆ + ∆  (A. 120) 
 'q q q qi F Y Eδ∆ = ∆ + ∆  (A. 121) 
Where, 
 1 1 1[ ] .[ ]q q q d d q q d dF L M L M P M L P
− − −= − +  (A. 122) 
 1 1 1[ ] .[ ]q q q d d q q d dY L M L M Q M L Q
− − −= − +  (A. 123) 
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 1[ ]d d d d qF L P M F
−= +  (A. 124) 
 1[ ]d d d d qY L Q M Y
−= +  (A. 125) 
Solving (3.41)-(3.43), linearizing, and substituting for Δidi and Δiqi from (3.66) and 
(3.67) results in   
 '1 2e qP K K Eδ∆ = ∆ + ∆  (A. 126) 
where,   
 1 t d t qK D F Q F= +  (A. 127) 
 2 q t d t qK I D Y Q Y= + +  (A. 128) 
 1 t d t qK D F Q F= +  (A. 129) 
Also, linearizing (3.39) and substituting for Δidi and Δiqi from (3.41) and (3.43) yields 
 ' ' ' '0[ ( ) ] ( )d d d d q fd d d dI sT x x Y E E x x F δ+ + − ∆ = ∆ − − ∆  (A. 130) 
For the ith machine, it can be written 
 
' ' '
0 3 3 4
1 13
1[ ] [ ]
n n
d i ii qi ii fdi qj ij j
j jij
j i
I sT K E K E E K
K
δ
= =
≠
+ ∆ = ∆ − ∆ − ∆∑ ∑  (A. 131) 
where, 
 ' 13 [( ) ] ,ij di di dijK x x Y j i
−= − ≠  (A. 132) 
 ' 13 [1 ( ) ]ii di di diiK x x Y
−= + −  (A. 133) 
 '4 ( ) ,ij di di dijK x x F j i= − ≠  (A. 134) 
 '4 ( )ii di di diiK x x F= −  (A. 135) 
Moreover, linearizing (3.42) and (3.43) and solving for Δv 
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 '5 6 qv K K Eδ∆ = ∆ + ∆  (A. 136) 
where, 
 '5 v q q v d dK D x F Q x F= −  (A. 137) 
 '6 v q q v d d vK D x Y Q x Y Q= − +  (A. 138) 
 10 0v dD v v
−=  (A. 139) 
 10 0v qQ v v
−=  (A. 140) 
It should be noticed that v0 and vd0 are diagonal matrices of the respective initial 
conditions. 
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Appendix B :     STATE SPACE MODELING 
B.1 State Space Model for SMIB model with Power System Stabilizers 
 
 From PSS block diagram Fig 3.we can write states equations of a controlled SMIB 
system. 
 5 1
W
W
sTx
sT
ω= ∆
+
 (B. 1) 
 5 5W Wx T sx T s ω+ = ∆  (B. 2) 
 55
W
xx
T
ω∆ = ∆ −
 
 (B. 3) 
 21
'qK eK D
M M M
δ ωω
∆ ∆ ∆
∴ ∆ = − − −


 (B. 4) 
 1 25 5
1'q
W
K KDx e x
M M M T
δ ω∆ = − ∆ − ∆ − ∆ −

 (B. 5) 
 15
2
(1 )
(1 )PSS C
sTU x K
sT
+
=
+
 (B. 6) 
 2 5 1 5PSS PSS C CU T sU x K K T sx+ = +  (B. 7) 
 5 1 5
2 2 2
C PSS C
PSS
x K U K T xU
T T T
∆
= − +


 (B. 8) 
Put the value of 5x∆

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 25 1 51
2 2 2
'qC PSS C
PSS
W
K ex K U K T xK DU
T T T M M M T
δ ω∆ ∆ ∆
= − + − − − − 
 

 (B. 9) 
 1 1 1 2 1 1 5
2 2 2 2 2
1' 1C C C CPSS q PSS
W
K K T D K T K K T K TU e x U
T M T M T M T T T
δ ω
 
= − ∆ − ∆ − ∆ − − − 
 

 (B. 10) 
The  new  state  variable   vector   becomes,  
 
CW A W=

 (B. 11) 
Where, 
 5'
T
q fd PSSW e E x Uδ ω = ∆ ∆ ∆ ∆   (B. 12) 
and  the  controlled    system  matrix   becomes 
 
 
1 2
4
3
5 6
1 2
1 1 1 2 1 1
22 2 2 2
0 0 0 0 0
0 0 0
0 1 1 0 0
' ''
0 1 0
0 1 0
0 1
1
b
do dodo
A A AC
A AA A
W
C C C C
W
K D K
MM M
K
K T TT
K K K K KA
T TT T
K D K
M TM M
K K T D K T K K T K T
TT M T M T M T T
ω 
 
 −− −
 
 
−− 
 
 =  −− −
 
 
 − −− −
 
 
  −− − − −     
 
(B. 13) 
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B.2 State Space Model for IEEEST PSS Controller 
 
From the IEEEST type PSS block diagram Fig. 3.6 we can write down the state space 
equations as follows 
 16 1
CK sTy
sT
ω
ω
ω= ∆
+
 (B. 14) 
 
16 16 Cy T y K Tω ω ω+ = ∆
 
 (B. 15) 
 1616 C
yy K
Tω
ω= ∆ −
 
 (B. 16) 
 21
'qK eK D
M M M
δ ωω
∆ ∆ ∆
∴ ∆ = − − −


 (B. 17) 
 2 16116
'q
C
K e yK Dy K
M M M Tω
δ ω∆ ∆ ∆
= − − − − 
 

 (B. 18) 
 1 216 16
1'C C C q
K K K D K Ky e y
M M M Tω
δ ω= − ∆ − ∆ − ∆ −

 (B. 19) 
 117 16
2
1
1
sTy y
sT
+
=
+
 (B. 20) 
 
17 2 17 16 1 16y T y y T y+ = +
 
 (B. 21) 
 
17 16 17 1 16 2( ) /y y y T y T= − +
 
 (B. 22) 
 1617 16 17 1 2/C
yy y y T K T
Tω
ω
  
= − + ∆ −  
   
 
 (B. 23) 
113 
 
 
1 1 1 2 1 1
17 16
2 2 2 2 2
17
2
1'
1
C C C
q
K K T K DT K K T Ty e y
T M T M T M T T T
y
T
ω
δ ω
 
= − ∆ − ∆ − ∆ + − 
 
−

 (B. 24) 
 3 17
4
1
1PSS
sTU y
sT
+
=
+
 (B. 25) 
 
4 17 3 17PSS PSSU T U y T y+ = +
 
 (B. 26) 
 17 3 17
4 4 4
PSS
PSS
y T y UU
T T T
= + −


 (B. 27) 
 
2 13 1 1 1 171
16
4 2 2 2 2 2 2
17
4 4
' 1C qC C
PSS
PSS
K K T eT K K T K DT yTU y
T T M T M T M T T T T
y U
T T
ω
δ ω ∆  ∆ ∆
= − − − + − −  
   
+ −

 (B. 28) 
 
2 311 1 3 1 3 1 3 1 6 3 1 6
2 4 2 4 2 4 2 4 2 4
17 3 17
4 2 4 4
'C qC C
PSS
PSS
K K TT eK K TT K DTT TT y T yU
T T M T T M T T M T T T T T
y T y U
T T T T
ω
δ ω ∆∆ ∆
= − − − − +
+ − −

 (B. 29) 
 
1 1 3 1 3 2 1 3 3 1 3
16
2 4 2 4 2 4 2 4 2 4
3
17
4 2 4 4
'
1 1
C C C
PSS q
PSS
K K TT K DTT K K TT T TTU e y
T T M T T M T T M T T T T T
T y U
T T T T
ω
δ ω
 
= − ∆ − ∆ − ∆ + − 
 
 
+ − − 
 

 (B. 30) 
 
The State space controlled matrix will become, 
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1 2
4
3
5 6
1 2
1 1 1 2 1 1
22 2 2 2 2
1 1 3 1 3 2 1 3 3
2 4 2 4 2 4 2 4
0 0 0 0 0 0
0 0 0 0
0 1 1 0 0 0
' ''
0 1 0 0
0 1 0 0
0 1 01
0
b
do dodo
A A A
A AA A
C
C C C
C C C
C C C
K D K
MM M
K
K T TT
K K K K K
T TT TA
K K K D K K
TM M M
K K T K DT K K T T
TT M T M T M T T T
K K TT K DTT K K TT T T
T T M T T M T T M T T
ω
ω
ω
−− −
−−
−− −
=
−− − −
  −− − − − 
 
− − − − 31 3
44 2 42 4
11 TT
TT T TT T Tω
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     −−    
    
 
(B. 31) 
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B.3 State Space Model of IEE2ST PSS Controller 
From Fig. A.1 of IEE2ST type PSS model, 
 1 1
C
o
KE
sTω
ω∆
=
+
 (B. 32) 
 
1 1o CE T E Kω ω+ = ∆

 (B. 33) 
 1 1
1C
o o
KE E
T Tω ω
ω= ∆ −

 (B. 34) 
 2 1
P
Po
P KE
sT
∆ ⋅
=
+
 (B. 35) 
 P∆ = 1 2 'qK K eδ∆ + ∆  (B. 36) 
 
2 2PO PE T E K+ =

 (B. 37) 
 1 2 22
( ' )P q
PO PO
K K K e EE
T T
δ∆ + ∆
= −

 (B. 38) 
 1 22 2
1'P P q
PO PO PO
K K K KE e E
T T T
δ= ∆ + ∆ −

 (B. 39) 
 3 1 2( )1
sTE E E
sT
ω
ω
= +
+
 (B. 40) 
 
3 3 1 2W W WE E T T E T E+ = +
  
 (B. 41) 
 33 1 2( )
W
EE E E
T
= + −
  
 (B. 42) 
 1 2 31 23
( ' )P qC
o o PO PO W
K K K eK EE EE
T T T T Tω ω
δ
ω
∆ + ∆ 
= ∆ − + − − 
 

 (B. 43) 
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 1 23 1 2 3
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o o PO PO PO W
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T T T T T Tω ω
ω δ
 
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
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 14 3
2
1
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sTE E
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+
 (B. 46) 
 
4 3 1 3 4E E T E E= + −
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 (B. 47) 
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o PO PO o
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T T T T
T TE E E E
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T T T T Tω ω
δ ω= ∆ + ∆ + ∆ − −

1
3 41
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4 4 3 4PSS PSSU T U E T E+ = +
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4 4 4
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T UEU E
T T T
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T T T T T T T T Tω ω
ω δ= + ∆ + ∆ + ∆ −

1 3 3 1 3 3 4
2 3
4 4 4 4 4
PSS
PO W
TT T TT T E UE E
T T T T T T T
 
− + − − − 
 
 
(B. 53) 
 1 3 1 1 3 2 1 3 1 3 1 31 2
4 4 4 4 4
'C P PPSS q
o PO PO o PO
K TT K K T T K K TT TT TTU e E E
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(B. 55) 
 
The Controlled AC Matrix will become 
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